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ABSTRACT

Chondrosarcomas are malignant cartilage tumors that do not respond to traditional
chemotherapy or radiation. The 5-year survival rate of histologic grade III
chondrosarcoma is less than 30%. To achieve a greater understanding of
chondrosarcoma tumorigenesis, a model for human chondrosarcoma has been established
in a rat system. The model, known as the Swarm rat chondrosarcoma (SRC), resembles
human chondrosarcoma and provides a system to study tumor growth and progression.
Here we examined the influence of the tumor microenvironment and the impact of
genome-wide hypomethylation on the behavior of SRC tumors, two factors known to
contribute fundamentally to the development and progression of solid tumors.

Previous studies with SRC revealed that tumor microenvironment can
significantly influence chondrosarcoma malignancy, but the underlying biologic
mechanisms have not been defined. To address this issue we carried out epigenetic and
gene expression studies on the SRC tumors that were initiated at different transplantation
sites. The epigenetic analysis revealed that microenvironmental changes could promote
global DNA hypomethylation in SRC cells. Subsequent gene expression analyses
revealed that the transplantation site had a significant impact on the gene expression
profiles of SRC tumors. These SRC tumors had unique gene expression profiles, and we
were able to identify genes that were differentially expressed between SRC tumors
originating from different transplantation sites. Functional analyses of two differentially
expressed genes, thymosin-4 and c-fos, provided insight into the role that these genes
may play in the development and progression of chondrosarcoma.

We also used the SRC model to examine the impact that DNA
hypomethylation has on chondrosarcoma tumorigenesis. We induced DNA
demethylation in SRC cells using 5-aza-2-deoxycytidine, a DNA demethylating agent.

Loss of DNA methylation was accompanied by an increase in invasiveness of the rat



chondrosarcoma cells, in vitro, as well as by an increase in tumor growth in vivo.
Subsequent microarray analysis provided insight into the gene expression changes that
result from 5-aza-2-deoxycytidine-induced DNA demethylation. In particular, two genes
that may function in tumorigenesis, sox-2 and midkine, became overexpressed upon
treatment with 5-aza-2-deoxycytidine. Promoter region DNA analysis revealed that these
genes were methylated in control cells but became demethylated following 5-aza-2-
deoxycytidine treatment.

Following withdrawal of 5-aza-2-deoxycytidine, the rat chondrosarcoma cells
reestablished global DNA methylation levels that were comparable to that of control
cells. Concurrently, invasiveness of the rat chondrosarcoma cells decreased to a level
indistinguishable from that of control cells. Taken together these experiments
demonstrate that global DNA hypomethylation induced by 5-aza-2-deoxycytidine
promotes tumorigenesis in rat chondrosarcoma cells.

Overall, the studies with the SRC model indicate that changes in the
microenvironment can induce DNA hypomethylation and gene expression changes in the
SRC cells. Subsequent functional analyses of these changes demonstrated that both DNA
hypomethylation and upregulation of specific genes may promote tumorigenesis in

chondrosarcoma.
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ABSTRACT

Chondrosarcomas are malignant cartilage tumors that do not respond to traditional
chemotherapy or radiation. The 5-year survival rate of histologic grade II1
chondrosarcoma is less than 30%. To achieve a greater understanding of
chondrosarcoma tumorigenesis, a model for human chondrosarcoma has been established
in a rat system. The model, known as the Swarm rat chondrosarcoma (SRC), resembles
human chondrosarcoma and provides a system to study tumor growth and progression.
Here we examined the influence of the tumor microenvironment and the impact of
genome-wide hypomethylation on the behavior of SRC tumors, two factors known to
contribute fundamentally to the development and progression of solid tumors.

Previous studies with SRC revealed that tumor microenvironment can
significantly influence chondrosarcoma malignancy, but the underlying biologic
mechanisms have not been defined. To address this issue we carried out epigenetic and
gene expression studies on the SRC tumors that were initiated at different transplantation
sites. The epigenetic analysis revealed that microenvironmental changes could promote
global DNA hypomethylation in SRC cells. Subsequent gene expression analyses
revealed that the transplantation site had a significant impact on the gene expression
profiles of SRC tumors. These SRC tumors had unique gene expression profiles, and we
were able to identify genes that were differentially expressed between SRC tumors
originating from different transplantation sites. Functional analyses of two differentially
expressed genes, thymosin-34 and c-fos, provided insight into the role that these genes

may play in the development and progression of chondrosarcoma.
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We also used the SRC model to examine the impact that DNA
hypomethylation has on chondrosarcoma tumorigenesis. We induced DNA
demethylation in SRC cells using 5-aza-2-deoxycytidine, a DNA demethylating agent.
Loss of DNA methylation was accompanied by an increase in invasiveness of the rat
chondrosarcoma cells, in vitro, as well as by an increase in tumor growth in vivo.
Subsequent microarray analysis provided insight into the gene expression changes that
result from 5-aza-2-deoxycytidine-induced DNA demethylation. In particular, two genes
that may function in tumorigenesis, sox-2 and midkine, became overexpressed upon
treatment with 5-aza-2-deoxycytidine. Promoter region DNA analysis revealed that these
genes were methylated in control cells but became demethylated following 5-aza-2-
deoxycytidine treatment.

Following withdrawal of 5-aza-2-deoxycytidine, the rat chondrosarcoma cells
reestablished global DNA methylation levels that were comparable to that of control
cells. Concurrently, invasiveness of the rat chondrosarcoma cells decreased to a level
indistinguishable from that of control cells. Taken together these experiments
demonstrate that global DNA hypomethylation induced by 5-aza-2-deoxycytidine
promotes tumorigenesis in rat chondrosarcoma cells.

Overall, the studies with the SRC model indicate that changes in the
microenvironment can induce DNA hypomethylation and gene expression changes in the
SRC cells. Subsequent functional analyses of these changes demonstrated that both DNA
hypomethylation and upregulation of specific genes may promote tumorigenesis in

chondrosarcoma.
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Figure 1.

Figure 2.

Figure 3.

LIST OF FIGURES

Schematic diagram of a SAGE experiment. SAGE (Serial Analysis of
Gene expression) generates an expression profile that is based on the
quantification of “tags”, which are a short nucleotide sequence that
correspond to a mRNA transcript. (A) Polyadenylated RNA is used is
used to construct a biotin-oligo d(T)-primed cDNA library. (B) The
cDNA is cleaved with an anchoring enzyme, and the resulting 3’ end of
the cDNA is isolated with streptavidin beads. (C)The cDNA is then split
in half; one half is ligated to linker “A” and the other half is ligated to
linker “B”. The linkers contain a tagging enzyme (TE) recognition site.
Digestion with TE thus releases the “linker-SAGE tag” cDNA
fragments of ~20bp (D) The two pools of tags are blunt ended, and then
the pools are ligated to each other to form “Di-tags”. (E) The ligated
“Di-Tags” are then PCR amplified with primer specific to linkers “A”
and “B”. (F) The PCR amplified “Di-tags” are digested with the
anchoring enzyme to remove the linker sequence (freeing the “Di-tag”).
(G) Lastly the “Di-tags™ are ligated and sequenced. The sequence is
then computationally analyzed and the tags are quantified. Figure
modified from (Velculescu ef al., 1995). ...cccvieviieiiiieieeeeeeeee e 37

Transient transfection of 293T cells to produce viral particles. The viral
vector has been modified so that it cannot, by itself, make proteins
required for additional rounds of replication. The viral proteins that are
needed for the initial infection can be provided in trans. 5> and 3’ LTRs
contain transcription factor recognition sites. The GAG sequence
encodes for proteins that form the shell of the complete retroviral
particle. The POL sequence encodes for reverse transcriptase, integrase
and ribonuclease H (important for viral integration into host DNA). The
ENV sequence encodes for an envelope glycoprotein that extends from
the membrane of the viral particle (the ENV protein is the ligand for the
receptor on the host cell). The “PR” sequence in the vector DNA
contains the promoter sequence that drives the expression of the GAG-
POL and ENV. “W"™ denotes the packaging signal (note that the
packaging sequence is only present in the vector containing the gene of
interest). The complete description of the viral vectors is located in the
Materials and methods...........oooiiiiiiiiiiii 38

Phenotype of the Swarm Rat chondrosarcoma varies based on tumor
transplantation site. (A) Transplantation of the SRC tumor into the tibia
of Sprague-Dawley rats. Histologic micrographs at day 0, day 7, and
day 34. Successive histologic micrographs revealed increased tumor
volume and invasion of the tumor into the bony cortex. Cells stained
with safranin O and fast green. (B) SRC tumor detected in the lung of a
rat that had the SRC tumor transplanted into the tibia. Note the
presence of multiple SRC tumors. Lung tumors were detected in 50%
of the animals that had the SRC tumor transplanted into the tibia. The
number of metastases in a single animal numbered from 1 to 54
(average=10). The average size of the tumors was 2mm. No lung
tumors were detected in the animals with subcutaneous tumor
10015701 301 £ USSR 39



Figure 4.

Figure 5.

Figure 6.

Figure 7.

Transplantation microenvironment influences DNA methylation in SRC
tumors. Pyrosequencing revealed that Satellite | DNA was
hypomethylated compared to DNA from rat normal cartilage (control
tissue). The satellite 1 DNA in the subcutaneous SRC tumor and the
tibia SRC tumor was hypomethylated compared to the DNA in the lung
SRC tumor. The graph illustrates the average DNA methylation that
was calculated from a pool of tissues from each transplantation site. For
each transplantation site, tissue was pooled from at least 10 separate
animals. The error bars represent technical replicates of the pooled
tissue samples. The p-values represent the significance of the
comparison of a specific sample with normal rat cartilage (p-value<0.05
represents a statistically significant difference). ........cccccceeevvieeciiiniieenieeenee. 40

Heat map displaying the differentially expressed genes between RNC
and SRC tumor tissues. Rat normal (articular) cartilage has a unique
expression profile when compared to the expression profiles of the SRC
tumors. The changes in gene expression may represent critical
differences between normal cartilage cells and chondrosarcoma, and
they may also represent changes important for the development and
progression of chondrosarcoma. Heat map displays the differentially
expressed genes that were expressed at a level of at least 25 tags in one
library. Color bar illustrates relative gene expression levels. Columns
represent SAGE libraries and rows represent the expression of
individual SAGE tags. For complete gene list and annotation see
APPENAIX B e e 41

SAGE reveals gene expression differences between the SRC tumors and
normal cartilage as well as gene expression differences between SRC

tumors. (A) Expression of extracellular matrix genes. (B) Expression of
extracellular matrix modifying proteases. Heat map displays relative
expression values. Actual expression values are listed to the right of the
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SAGE reveals gene expression differences between the SRC tumors and
normal cartilage as well as gene expression differences between SRC

tumors. (A) Expression of genes related to cell motility. (B) Expression

of components of the AP-1 transcription factor complex. (C) Expression

of growth factors. Heat map displays relative expression values. Actual
expression values are listed to the right of the heat map...........ccccccvveenennee. 43
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Figure 8. Tumor transplantation site significantly alters the gene expression
profiles of the SRC tumors. Since the SRC tumors at different
transplant sites originated from the same source tumor, the unique SRC
gene expression profiles at each transplant site are likely a result of
interactions in the microenvironment between tumor cells and host cells.
(A) Differential gene expression between the Subcutaneous SRC tumor
(highlighted in yellow) and SRC tumors at the other transplantation sites
(200 genes upregulated and 107 genes downregulated in the
Subcutaneous SRC tumor). (B) Differential gene expression between
the Tibia SRC tumor (highlighted in yellow) and the SRC tumors at the
other transplantation sites (106 genes upregulated and 108 genes
downregulated in the tibia SRC tumor). (C) Differential gene expression
between the Lung SRC tumor (highlighted in yellow) and the SRC
tumors at the other transplantation sites (157 genes upregulated and 73
genes downregulated in the lung SRC tumor). Only genes with
significantly different gene expression were included in each analysis
(z>1.96; see Materials and methods). SAGE tags also needed to have
an expression level of at least 25 in one tissue to be included in the
analysis. Condition trees illustrate the relationship between the SAGE
libraries with respect to the set of differentially expressed genes. Color
bar illustrates relative gene expression levels. See Appendix C for
complete data set and annotation of the genes presenting within this
FIGUIE. oottt et e et e e et e e e e e et e e e st e e s staeesssaeeenaeeensbeeenneeennns 44

Figure 9. SAGE and quantitative RT-PCR confirm the expression of thymosin-34
and c-fos in the SRC tumors. (A) Thymosin-f4 expression in the SRC
tumors (SAGE analysis top panel; quantitative RT-PCR bottom panel).
(B) C-fos expression in the SRC tumors (SAGE analysis top panel;
quantitative RT-PCR bottom panel). Similar expression patterns were
observed in both the SAGE and RT-PCR analysis. Note the increased
expression of thymosin-p4 and c-fos in the tibia and lung SRC tumors.
The bars in the RT-PCR graph represent the average expression ratio
calculated on RNA that was collected from pooled tumor tissue. For
RT-PCR at each transplantation site, tissue was pooled from at least 10
separate tumors. SAGE data was normalized to 100,000 tags/library for
analysis. For the SAGE data, “*” indicates expression levels that are
significantly different than the “Subcutaneous SRC tumor” sample
(Z21.96). ettt ettt naeens 45
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Figure 10. Thymosin-4 and c-fos overexpression in the SRC cells and histology
following subcutaneous transplantation. (A) Confirmation of
Thymosin-4 and c-fos overexpression in the SRC cell line using real
time quantitative-PCR. Expression of the transgene construct was
detected in all cell lines that were transduced with the viral vector (SRC
cell line-no insert vector, SRC c-fos cell line, and SRC Thymosin-f4cell
line). No expression of the transgene construct was detected in the un-
transduced SRC cell line (SRC cell line). The expression of the
exogenous genes were detected with PCR primers specific for a
sequence that is present in all of the expression constructs (see Material
and methods). (B) Photomicroscopy of histological sections obtained
from SRC tumors (20x magnification). Tumors induced from control
cells (SRC cells expressing the empty viral vector), and from SRC cells
overexpressing either Thymosin-4 (Thymosin-p4 tumor) or c-fos (C-
fos tumor). Approximately 30 days following tumor induction animals
were sacrificed and tumors were removed for histology. Sections
representative of each tumor are shown. All tumors were classified as
histologic grade II chondrosarcomas. The SRC cells are stained with
Safranin O (T€A). ...ccouveeeiiieeiie ettt e e e e sebeeeaaee s 46

Figure 11. Tumor weight following induction of subcutaneous tumors with SRC
cells overexpressing either thymosin-f34 or c-fos. Control tumors were
initiated with SRC cells that express the MSCV viral vector with no
insert (pMSCV-I-Hyrgo vector). C-fos tumors were initiated with SRC
cells that overexpress c-fos (MSCV-cfos-I-Puro). Thymosin-34 tumors
were initiated with SRC cells that overexpress thymosin-f4 (MSCV-
Thyf4-I-Puro). Overexpression of c-fos resulted in the formation of
tumors that were significantly smaller than control tumors. The bar
represents the average invasion indices of biologic replicates, and the
error bars represent the standard deviation of the biologic replicates.
n=10 for control tumors and c-fos tumors. n=9 for thymosin-f34 tumors
(one animal died prematurely and was found to have multiple
chondrosarcoma lung metastases). See Table 4 for individual tumor
weights. “*’ Indicates that the tumor weight is significantly different
than the tumor weight of the control tumors (p-value <0.05 considered
S Tea TN (721 L) RS 47

Figure 12. CTGF treatment decreases the invasiveness of SRC cells. Invasiveness
was measured in control SRC cells (SRC Control) and in SRC cells
treated with CTGF (50, 100, and 250ng/mL) at the start of the invasion
assay. Twenty-four hours later, the invasiveness was calculated for all
samples and the results are displayed as experimental sample compared
to the untreated control SRC cells (100% invasion). The bar represents
the average invasion indices of biologic replicates, and the error bars
represent the standard deviation of 3 biologic replicates.‘*’ Indicates
values that are significantly different than the “SRC Control” sample
(D05 ) e ettt sttt et et enteeneeeneens 48
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Figure 13.

Figure 14.

Figure 15.

Figure 16.

Expression of luciferase in a SRC cell line. SRC cells were transduced
with a retrovirus containing the MSCV-Luc-I-Hyrgo plasmid (see
Materials and methods). The number of transductions ranged from a
single transduction to four transductions. Multiple transductions were
done on consecutive days. Following antibiotic selection, the cell lines
were tested for luciferase activity. The cell line with the highest
luciferase activity was selected for use in subsequent experiments (SRC-
LTC-MSCV3). The average luminescence signal is listed above each
bar on the graph (the average was calculated from at least 5 biologic

10570 0721 1)) RS URT

Percent viability of SRC cells following 72-hour incubation with 5-Aza-
2-deoxycytidine. Percent viability of SRC cells 72-hours following
treatment with 0, 0.1, 0.3, 1.0, 3.0, 10, 30,100, and 300uM 5-Aza-2-
deoxycytidine. Each point on the graph represents the average viability
of three biologic replicates, and the error bars represent the standard
deviation of the biologic replicates. “***” indicates a significant
difference between a given sample and the control sample (0.0uM: no
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Pyrosequencing of LINE and Satellite 1 and 2 in vitro. For each
experiment the methylation pattern was analyzed in SRC untreated
control cells (SRC-Control), SRC cells treated with 5-Aza-2-
deoxycytidine for 5 passages (SRC SAZA), and in SRC cells that were
treated with 5-Aza-2-deoxycytidine for 5 passages and then allowed to
grow for 5 additional passages without treatment (SRC SAZA-STOP).
Pyrosequencing assay: LINE1-S1; [2481 CpG’s], LINE1-S2; [3308
CpG’s]; Satellite I [15CpG’s], and Satellite I [411 CpG’s]. Treatment
of MSCV3-LTC chondrosarcoma cells with 5-Aza-2-deoxycytidine
leads to demethylation that can be detected throughout the genome.
Altered DNA methylation patterns can be detected several weeks
following removal of 5-Aza-2-deoxycytidine treatment. Bars represent
the average DNA methylation % of biologic replicates, and error bars
represent the standard deviation of these replicates. ‘*’ Indicates values

that are significantly different than the “SRC Control” sample (p<.05).......

5-Aza-2-deoxycytidine treatment increases the invasiveness of rat
chondrosarcoma cells. Invasiveness was measured in control SRC cells
(SRC Control), SRC cells that were treated for 5 passages with 5-Aza-2-
deoxycytidine (SRC 5SAZA), and SRC cells 5-with 5 passages Aza-2-
deoxycytidine and then grown for 5 additional passages without
treatment (SAZA-STOP). The invasiveness was calculated for all
samples and the results are displayed as experimental sample compared
to the untreated control SRC cells (100% invasion). The bar represents
the average invasion indices of biologic replicates, and the error bars
represent the standard deviation of the biologic replicates. ‘*’ Indicates
values that are significantly different than the “SRC Control” sample
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Figure 17.

Figure 18.

Figure 19.

Heat map of differentially expressed genes between SRC cells treated 5-
Aza-2-deoxycytidine and untreated control SRC cells. Genes with at
least a 5-fold difference were selected for analysis using the pathway
program Ingenuity. Ingenuity revealed that, of the 977 differentially
expressed genes (603 genes upregulated and 374 downregulated), 135
were identified as cancer related. A subset of these cancer related genes
(see Materials and methods; see Appendix E for complete gene list and
expression values) was then used for hierarchical clustering, and the
results of that clustering are presented in this figure. Each vertical
column represents microarray hybridizations from separate individual
experiments. Microarray hybridizations were carried out on SRC cells
treated with 5-Aza-2-deoxycytidine for 5 passages (SRC-5-AZA-P6 [1]
and [2]), and microarray hybridizations were also carried out on SRC
cells grown for 5 passages without 5-Aza-2-deoxycytidine treatment
(SRC-No-Treat-P6 [1], [2], and [3]). “*’ Indicates midkine and ***’
indicates sox-2 in the heat map. The color bar corresponds the to the
expression level in relative fluorescent units. .........cccceeeveeeciieeeciieeeciee e, 79

Expression analysis of midkine. Quantitative real time PCR analysis of
midkine expression in control SRC cells (SRC Control), SRC cells that
were treated for 5 passages with 5-Aza-2-deoxycytidine (SRC 5AZA),
and SRC cells 5-with 5 passages Aza-2-deoxycytidine and then grown
for 5 additional passages without treatment (SAZA-STOP). Treatment
with 5-Aza-2-deoxycytidine induces midkine expression. Five passages
following 5-Aza-2-deoxycytidine removal the expression of midkine
has dropped but it is greater than that of untreated control cells. Bars
represent the average expression of three biologic replicates, and error
bars represent the standard deviation of these replicates. ‘*’ Indicates
values that are significantly different than the “SRC Control” sample
(p<.05). Note that for graphical representation two different vertical
scale bars are shown; the vertical scale bar on the left corresponds to the
SRC Control and SRC 5SAZA-STOP samples, and the vertical Scale bar
on the right corresponds with the SRC SAZA-STOP sample. ........................ 80

Epigenetic analysis of Midkine methylation in SRC cells. Schematic
representation of analyzed CpG islands in relation to the midkine
transcriptional start site (TSS). Green bars indicate regions that were

targeted for bisulfite sequencing. Bisulfite sequencing of midkine CpG

Island 1 and CpG Island 2. Each row indicates an individual cloned
sequence. Circles represent CpG sites. Black circles indicate a

methylated CpG site and white circles indicate a unmethylated CpG site.
These results demonstrate that 5-Aza-2-deoxycytidine treatment leads to

the hypomethylation of CpG islands that span regions of the rat midkine
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Figure 20.

Figure 21.

Figure 22.

Figure 23.

Expression analysis of sox-2 in SRC cells. Quantitative real time PCR
analysis of sox-2 expression in control SRC cells (SRC Control), SRC
cells that were treated for 5 passages with 5-Aza-2-deoxycytidine (SRC
SAZA), and SRC cells 5-with 5 passages Aza-2-deoxycytidine and then
grown for 5 additional passages without treatment (SAZA-STOP).
Treatment with 5-Aza-2-deoxycytidine induces sox-2 expression. Five
passages following 5-Aza-2-deoxycytidine removal the expression of
sox-2 has dropped. Bars represent the average expression of three
biologic replicates, and error bars represent the standard deviation of
these replicates. ‘*’ Indicates values that are significantly different than
the “SRC Control” sample (P<L05).....oiieiiieiiiieiieeeeee e 82

Epigenetic analysis of sox-2. Schematic representation of analyzed

CpG islands in relation to the sox-2 transcriptional start site (TSS).

Green bars indicate regions that were targeted for bisulfite sequencing.
Bisulfite sequencing of sox-2 CpG Island 47 and CpG Island 154. Each

row indicates an individual cloned sequence. Circles represent CpG

sites. Black circles indicate a methylated CpG site and white circles

indicate an unmethylated CpG site. (A) CpG 47 Island was methylated

in untreated SRC cells but following 5-Aza-2-deoxycytidine treatment it
became hypomethylated. (B) CpG Island 154 was not methylated in

either control or treated Cells. .........ocooiiiiiiiiiiiin 83

Pyrosequencing of the midkine and sox-2 promoter. CpG sites in the
midkine (A) and sox-2 (B) promoter sequence are methylated in
untreated SRC cells but following 5-Aza-2-deoxycytidine treatment
they become hypomethylated. The promoter regions of midkine and
sox-2 were analyzed for DNA methylation status. Pyrosequencing was
used to analyze bisulfite treated DNA with primers specific for midkine
or sox-2. The bar represents the average DNA methylation of technical
replicates, and the error bars represent the standard deviation of the
technical replicates. ‘*’ Indicates that the values are significantly
different than the “SRC Control” sample (p<.05). Five CpG sites were
examined with the midkine promoter analysis. Eight CpG sites were
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5-Aza-2-deoxycytidine treated SRC cells produced larger tumors than
untreated SRC cells (A) In vivo bioluminescent imaging of SRC cells
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Figure 24.

Figure 25.

Figure 26.

Figure 27.

Summary of in vivo SRC injections. Tumors induced with 5-Aza-2-
deoxycytidine-treated SRC cells produced larger tumors than the tumors
induced with SRC control cells. A linear regression method was
applied to analyze tumor weight between two tumor groups (SRC
Control and SRC 5AZA) after adjusting for the number of cells injected.
For graphical representation the tumor weights and the number of cells
injected was log transformed. p-value is for comparison of the two
tumor groups (SRC Control and SRC 5AZA), and indicates that there is
a significant difference in tumor weight between the two groups.
Results are shown for 7 animals with tumors induced from untreated
cells (SRC control) and for 7 animals with tumors induced from 5-Aza-
2-deoxycytidine-treated cells (SRC SAZA). Detailed in vivo tumor
summary is presented in Table 8. ........cccoeviiiiiiiiiiiiieee e 86

Photomicroscopy of histological sections obtained from SRC tumors
(20x magnification). (A) Subcutaneous tumor induced from untreated
SRC control cells. (B) Subcutaneous tumor induced from 5-Aza-2-
deoxycytidine SRC cells. Approximately 60 days following tumor
induction animals were sacrificed and tumors were removed for
histology. Tumors from the SRC control cells and the 5-Aza-2-
deoxycytidine cells showed considerable heterogeneity. There was no
clear histological difference between tumors initiated from control cells
or treated cells. Low grade (Grade 1) — Small nuclei with low variation
in size and abundant cartilage matrix. Intermediate grade (Grade 2) —
Higher cellularity, larger nuclei with increased atypia and
hyperchromasia. High grade (Grade 3) — Pleomorphic cells with greater
degree atypia and nuclear size. The SRC cells are stained with Safranin
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Macrometastasis detected in the lungs of mice injected with 5-Aza-2-
deoxycytidine treated SRC cells. Macrometastases were detected in 3

of 9 animals injected with 5-Aza-2-deoxycytidine treated cells, but no
macrometastases were detected in the lungs of mice injected with

untreated cells. Metastases of varying size were detected in the in the

lungs of the same animal. The SRC tumor cells form nodules of

different sizes and resemble hyaline cartilage. Lungs from 3 separate

mice are displayed in the figure. .........ccccoeiveiiiiiiiie e, 88

Pyrosequencing of LINE and Satellite 1 and 2 in vivo. Pyrosequencing
results are also displayed from tumor samples: tumors initiated from
untreated SRC cells (SRC Control) and tumors initiated from SRC cells
that were treated for 5 passages with 5-Aza-2-deoxycytidine (SRC
SAZA). Results are shown for 3 SRC Control tumors and 3 SRC 5AZA
tumors. Pyrosequencing assay: LINE1-S1; [2481 CpG’s], LINE1-S2;
[3308 CpG’s], Satellite I [15CpG’s], Satellite I [411 CpG’s]. In all
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and error bars represent the standard deviation of these replicates. “*’
Indicates values that are significantly different than the “SRC Control”
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Figure 28.

Figure 29.

Identification of Sox-2 regulated genes. Genes with a 5-fold difference
between control and 5-Aza-2-deoxycytidine treated cells were imported

into the pathway program GeneGO. GenGO identified a network

whereby sox-2 putatively activates the expression of Dppa5, Alpha

crystallin B, and P-cadherin. Microarray data demonstrates that Dppa$,
CryaB, Cdh3, and Sox2 are upregulated following 5-aza-2-

deoxycytidine treatment (Table 9). The relative expression ratios of

Dppa5, Alpha crystallin B, and P-cadherin are similar to that of sox-2,
suggesting that sox-2 may play a role in the regulation of these genes. ......... 90

Schematic representation of the thymosin-f34 promoter. The thymosin-

4 promoter sequence in human (A) and rat (B) was examined for CpG
islands. CpG islands were found to cover the first two exons of the
thymosin-B4 gene in both species. Diagram is drawn to scale. Blue

boxes represent exons. The green boxes represent the location of the
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CHAPTER I
INTRODUCTION

In this thesis we characterize a rat model of human chondrosarcoma, the Swarm
rat chondrosarcoma (SRC). The goal of this work was to obtain a greater understanding
of the molecular mechanisms that underlie chondrosarcoma tumorigenesis. We have
examined how changes to the tumor microenvironment impact the SRC cells and we
have also examined how epigenetic changes impact the SRC cells. In this introduction, I
will present a summary of information pertaining to the role that both the tumor
microenvironment and epigenetic changes play in tumorigenesis. This information is
followed by a detailed introduction to human chondrosarcoma and to the rat model of

chondrosarcoma.

Microenvironment in cancer

The microenvironment can broadly be defined by the interaction between tumor
cells and surrounding normal cells. The importance of the tumor microenvironment was
realized over 100 years ago with Stephen Paget’s “seed and soil” hypothesis (Paget
1989). Paget suggested that organs might play an active role in tumor metastasis. Paget
hypothesized that tumor cells (“the seed”) can survive and grow only if they come in
contact with a suitable microenvironment (“soil””) (Paget 1989). More definitive proof of
Paget’s hypothesis came in 1980, when melanoma was shown to selectively metastasize
to specific organs (Hart and Fidler 1980).

Although microenvironment is important for tumor metastasis, it also plays a key
role in tumorigenesis. The tumor microenvironment can impact on genomic stability

(Reynolds et al. 1996) and tumor malignancy (Stackpole et al. 1990). It has been



suggested that the microenvironment provides a selective pressure for the generation of

tumor cells with varying degrees of tumorigenic potential (Young and Hill 1998).

Components of the microenvironment

The microenvironment consists of fibroblasts, immune cells, tumor cells, and
extracellular matrix molecules (Albini and Sporn 2007) surrounded by a vascular
network. Physiologically, the tumor microenvironment is also characterized by changes
in oxygen (Moulder and Rockwell 1987), pH (Wike-Hooley et al. 1984), and nutrient
supply (Vaupel et al. 1989). These components of the microenvironment interact with
each other and contribute to further changes in tumor cells.

Normal cells can produce growth factors that contribute to angiogenesis (Rehman
et al. 2003), and fibroblasts are capable of producing growth factors that stimulate cell
proliferation (Bhowmick et al. 2004). Immune cells may also produce factors that can
promote tumor progression. Neutrophils and macrophages produce growth factors that
foster angiogenesis and tumor cell growth (Balkwill and Mantovani 2001; Lewis et al.
2000; Scapini et al. 2004). Macrophages can also promote tumor invasion through the
production of extracellular matrix-degrading proteases (Noel et al. 2008). Taken
together, the non-tumoral cells of the microenvironment may contribute to the activation
of pathways that promote tumorigenesis. These changes in tumorigenesis may be
mediated by structural alterations in the microenvironment and/or by alterations in the

tumor cells.

Microenvironment and gene expression
The identification of gene expression changes that are induced by the
microenvironment may provide insight into genes and pathways that are important for
tumor progression, and thereby provide targets for therapeutic intervention. The
microenvironment has previously been shown to significantly impact the gene expression

of tumor cells (Bando et al. 2003; Fromigue et al. 2003). While these studies have



provided insight into the function of the microenvironment, there are many tumors in
which the impact of the microenvironment has yet to be examined. Given that the same
type of tumor may behave differently depending on the microenvironment, a comparative
analysis of gene expression of tumor cells exposed to different microenvironments should
provide an insight to the contribution of the microenvironment to the pathways that

underlie tumorigenesis.

Microenvironment and epigenetics
Additional insight into the tumor microenvironment was recently provided by
work demonstrating that the microenvironment can contribute to epigenetic alterations in
tumor cells (Shahrzad et al. 2007). Epigenetic alterations may have a significant impact
on both genomic stability and gene expression in tumor cells (Hoffmann and Schulz
2005; Schmid et al. 1984). The microenvironment may mediate adaptive changes in

tumor cell phenotype through epigenetic mechanisms (Fan et al. 2006).

Epigenetics in cancer

Epigenetics is defined as the study of heritable changes in phenotype that do not
involve alteration in the DNA sequence (Feinberg and Tycko 2004; Pogribny and Beland
2009). Epigenetic modifications have been documented for over forty years and they
involve both modification of DNA binding proteins and methylation of DNA (Allfrey et
al. 1964; Gold et al. 1963).

In eukaryotes, DNA methylation involves the covalent addition of a methyl group
to the carbon atom 5 of the cytosine pyrimidine ring in a CpG (cytosine-guanine)
dinucleotide (Chiang et al. 1996; Pogribny and Beland 2009). One of the main functions
of DNA methylation is gene silencing. DNA methylation can inhibit gene expression by
directly interfering with the binding of a transcription factor to DNA (Comb and

Goodman 1990). Methylated DNA can also recruit DNA methyl binding proteins that



can promote a more condensed chromatin structure, and will ultimately lead to gene
silencing (Szyf 2009).

DNA methylation is thought to be essential for normal development (Singer-Sam
and Riggs 1993; Yoder et al. 1997). Conversely, abnormalities in DNA methylation have
been detected in several human diseases, including cancer (Feinberg 2008). Increased
activity of DNA methylating enzymes were initially detected in cancerous tissue and it
was hypothesized that the enzymes may play a role in carcinogenesis (Magee 1971).
Subsequent experiments have revealed the presence of two specific types of methylation
abnormalities in cancer, DNA hypomethylation and DNA hypermethylation. DNA
hypomethylation refers to a relative decrease in DNA methylation compared to a
“normal” methylation level, and DNA hypermethylation refers to a relative increase in
methylation compared to a “normal” methylation level (Dunn 2003). Cancer cells are
thought to exhibit both types of DNA methylation alterations. Specifically, the genome
of a cancer cell is thought to contain localized regions of DNA hypermethylation, while
exhibiting an overall lower level of methylation, i.e. genome-wide hypomethylation

(Hoffmann and Schulz 2005).

DNA hypermethylation

DNA hypermethylation has been detected in the promoter regions of specific
genes, and hypermethylation is associated with abnormal gene silencing in several tumors
(Esteller et al. 2001; Ohtani-Fujita et al. 1993). Experiments have demonstrated that
DNA hypermethylation plays a role in gene inactivation in cancer (Feinberg and Tycko
2004). The epigenetic inactivation of genes, such as tumor suppressors, may have a
significant impact on tumorigenesis. To address this issue, demethylation therapies have
been developed to reverse DNA hypermethylation-induced gene silencing (Mund et al.

2006; Stresemann and Lyko 2008).



DNA hypomethylation

In addition to DNA hypermethylation, DNA hypomethylation has also been
reported in many tumors. The first report of epigenetic abnormalities in cancer was
based on the observation that colon cancer DNA was hypomethylated compared to the
corresponding normal tissue DNA (Feinberg and Vogelstein 1983). Subsequently, global
DNA hypomethylation has been detected in other cancers, and it is proposed that DNA
hypomethylation may be one of the most common alterations in cancer (Pogribny and
Beland 2009). Associations between levels of DNA hypomethylation and tumor grade
suggest that DNA hypomethylation may also have prognostic value (Kim et al. 1994;
Watts et al. 2008).

Functionally, DNA hypomethylation has been shown to promote tumor formation
in tumor-prone mice (Gaudet et al. 2003). DNA hypomethylation may promote
carcinogenesis through transcriptional derepression of genes that are not expressed under
normal conditions (Pogribny and Beland 2009). DNA hypomethylation may also
promote tumor formation through derepression of transposition of repetitive elements,
which is thought to result in genomic instability (Howard et al. 2008). Although these
reports provide insight into the function of DNA hypomethylation, more research is
needed to uncover the molecular basis for the relationship between global DNA

hypomethylation and tumorigenesis.

Chondrosarcoma

Chondrosarcoma is a malignant cartilage tumor (Dorfman and Czerniak 1995).
Chondrosarcoma is the second most common primary bone malignancy, accounting for
25% of primary bone sarcomas (Sandberg and Bridge 2003; Unni 1996).
Chondrosarcomas can arise skeletally or extraskeletally and have a peak incidence
between the ages of 50-75 (Sandberg and Bridge 2003). Common sites of tumor

formation are the pelvis, humerous, femur, tibia, spine and scapula (Evans et al. 1977,



Lee et al. 1999; Pant et al. 2005). Diagnosis is usually based on histologic grade of the
tumor, but lack of prognostic markers (Aigner et al. 2002) and questions about the
reliability of tumor grading have made it difficult to define the malignancy of these
tumors (Lee et al. 1999). Currently the most common treatment for chondrosarcoma is
surgical resection, but tumor removal is not always curative because local recurrence
(Gitelis et al. 1981) and metastasis are common. High grade lesions may be treated with
chemotherapy/radiation but chondrosarcomas are usually not responsive to these
treatments (Gitelis et al. 1981; Mitchell et al. 2000), and as a result the 5-year survival

rate of histologic grade III chondrosarcoma is only 29% (Aigner 2002).

Chondrosarcoma subtypes and histologic grading

There are five histologic subtypes of chondrosarcoma: conventional (classical),
dedifferentiated, clear cell, mesenchymal, and mixoid. The conventional subtype is the
most common, representing approximately 86% of all chondrosarcomas (Unni 2001).
Dedifferentiated chondrosarcoma represents approximately 10% chondrosarcomas (Unni
2001), and the other subtypes account for less than 1% of all chondrosarcoma cases.

The conventional subtype can be further divided into three histological grades,
grade I- grade IIl. Grading is an important factor in accessing the malignancy of the
tumor (Evans et al. 1977), and tumor grading is also essential to the decision of treatment
strategies (Riedel et al. 2009). Grade I is chondrosarcoma is considered a low-grade
tumor, and it accounts for approximately 60% of all chondrosarcomas (Unni 2001;
Welkerling et al. 2003). Grade II and grade III tumors are high-grade lesions, and they
account for approximately 30% and 10% of chondrosarcomas, respectively (Riedel et al.
2009). The rate of local tumor reoccurrence and the rate of distant metastasis increase
with increasing tumor grade (Evans et al. 1977; Lee et al. 1999). Conversely, the overall

survival rate decreases with increasing tumor grade (Gitelis et al. 1981).



Although grading is important, it is also highly subjective. Six different grading
systems have been proposed for these tumors (Welkerling et al. 2003). Adding to the
complexity of the diagnosis is the fact that the subsequent behavior of the tumor does not
always correlate with the histologic classification (Dahlin and Henderson 1956; Evans et
al. 1977), and patients diagnosed with the same tumor grade may have different clinical
outcomes (Soderstrom et al. 2002). To address the limitations of the current grading
systems, several studies have been designed to biochemically and molecularly classify
chondrosarcoma. These studies have provided useful diagnostic information, and they

have provided insight into the molecular basis of tumor progression.

Genetic analysis of chondrosarcoma

Approximately 55% of all conventional chondrosarcomas display an abnormal
karyotype, which may include numerical and/or complex structural alterations (Mandahl
et al. 2002; Tallini et al. 2002). Chondrosarcomas display considerable karyotypic
heterogeneity, and no consistent chromosomal abnormalities are associated with a
majority of conventional tumors (Sandberg and Bridge 2003). More recent comparative
genomic hybridization studies have detected several low-level chromosomal
abnormalities, but these abnormalities were also not detected in the majority of tumors
(Hallor et al. 2009). Despite the lack of common chromosomal abnormalities,
determining the degree of aneuploidy may be useful for chondrosarcoma diagnosis
(Adler et al. 1995). Flow cytometric DNA analysis of chondrosarcomas has
demonstrated that aneuploidy was less common in low-grade tumors than in high-grade
tumors (Lee et al. 1999). Additionally, the analysis of chondrosarcoma DNA content

may be useful for predicting outcome after surgical resection (Mankin et al. 2002).

Gene expression in chondrosarcoma
Several studies have examined the expression of genes, including tumor

suppressors and oncogenes, which may be relevant to chondrosarcoma tumorigenesis.



One study identified altered patterns of expression of p53 primarily in high-grade tumors
(Terek et al. 1998). Several reports have described alterations in oncogenes in
chondrosarcomas (Barrios et al. 1994; Naka et al. 1997; Rong et al. 1993; Sakamoto et al.
2001; Weisstein et al. 2001). Growth factor expression has also been reported in several
chondrosarcomas (McGough et al. 2002; Shakunaga et al. 2000).

Additional analysis has focused on the expression of genes that modify or
contribute to the extracellular matrix of chondrosarcoma. Modification of the
extracellular matrix is important for tumorigenesis and may contribute to the bone
destruction that is observed in chondrosarcoma (Masciocchi et al. 1998; Mignatti and
Rifkin 1993). Expression of matrix metalloproteases and cysteine proteinases have been
detected in chondrosarcoma, and the expression of these proteases is thought to lead to
the degradation of the extracellular matrix of the tumor cells and of the surrounding bone
(Soderstrom et al. 2001a; Soderstrom et al. 2001b).

Chondrosarcomas also express several other genes that contribute to extracellular
matrix. The expression of several types of collagen has been documented, and the
expression of specific collagens is associated with longer survival (Aigner et al. 2002).
The expression of certain collagens suggest a more “mature” phenotype (similar to that of
normal cartilage), whereas decreased expression of these collagens represents a more
“de-differentiated” phenotype that is associated with tumor cell proliferation and a poorer
prognosis (Aigner 2002; Aigner et al. 2002).

Although these studies have provided insight into certain gene expression changes
in chondrosarcoma, little is known about the global gene expression changes that occur
during chondrosarcoma tumorigenesis. Global gene expression studies will provide
insight into the pathways that promote chondrosarcoma tumor development and

progression and they may lead to the identification of potential therapeutic targets.



Epigenetic analysis of chondrosarcoma

Relatively little is known about the epigenetic changes that occur during
conventional chondrosarcoma tumorigenesis. Aberrant DNA hypermethylation was
detected in genes involved with the biosynthesis of heparan sulfate, and the aberrant
methylation of these genes was linked to silencing of gene expression in chondrosarcoma
(Bui et al. 2009). Other studies have examined individual promoter regions, but they
have failed to find evidence for hypermethylated-related gene silencing (Kalinski et al.
2009; Tsuchiya et al. 2005; van Beerendonk et al. 2004). To date, there has been no
report on global levels of methylation in chondrosarcoma, but based on observations in
other tumors, the chondrosarcoma genome is anticipated to be hypomethylated with

respect to that of normal tissue (Hoffmann and Schulz 2005).

Summary

Research has provided insight into the genetic, gene expression, and epigenetic
alterations that occur in chondrosarcoma. Several genes and pathways have been
implicated in tumor progression, but rates of local recurrence, metastasis, and death have
not changed in over 20 years (Lee et al. 1999). Since most chondrosarcoma studies focus
on changes in a small number of genes, global changes may have been overlooked. The
fact that chondrosarcoma is a relatively rare tumor -1 in 50,000 people- (Eefting et al.
2009), has limited the sample size of experiments, and has subsequently made the results
difficult to interpret. To address the limitations of previous chondrosarcoma studies, a rat
model has been developed to study chondrosarcoma tumorigenesis (Grimaud et al. 2002;

Kenan and Steiner 1991)

Chondrosarcoma tumor model: Swarm rat chondrosarcoma

To attain a greater understanding of tumor growth and progression, a model for
human chondrosarcoma has been developed in rat. The rat model, known as the Swarm

Rat Chondrosarcoma (SRC) (Choi et al. 1971), provides the opportunity to study tumor
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growth and progression, the impact of the microenvironment, and it also provides a
system to test therapeutic strategies.

The SRC is derived from a tumor that arose spontaneously in a Sprague-Dawley
rat (Maibenco et al. 1967). The tumor has been maintained over several years by serial
subcutaneous transplantations (Morcuende et al. 2002). The tumor originally contained
both bone and cartilage elements, but the bone elements disappeared after successive
transplantations (Breitkreutz et al. 1979). The histology and cytogenetics of the SRC are
documented, and preliminary gene expression studies have been performed on SRC
tumors (Breitkreutz et al. 1979; Morcuende et al. 2002; Stevens et al. 2005). The SRC
has been the subject of numerous biochemical studies examining the production and
function of various extracellular matrix molecules (Kimura et al. 1979; Mason et al.
1989; Stevens and Hascall 1981). In addition, the SRC has also been used to study the
function of specific genes in tumor progression (Di Cesare et al. 1998; Fang et al. 2000;

Fang et al. 2001).

Transplantation site influences SRC phenotype

Previous experiments have involved subcutaneous transplantation of SRC tumors
into a rat. Studies on the subcutaneously grown SRC have provided valuable insight into
chondrosarcoma, but chondrosarcomas do not originate from subcutaneous tumors in
humans. To address this issue, since chondrosarcomas arise in cartilage tissue, Kennan
and Steiner (Kenan and Steiner 1991) transplanted the SRC into the medullary cavity of
the bone. Transplantation of the SRC tumor into the tibia resulted in the formation of
tumors with growth patterns similar to that of human chondrosarcoma (Kenan and Steiner
1991). Specifically, SRC tumors were able to invade the surrounding bone, which is a
characteristic important for the diagnosis of chondrosarcoma (Sanerkin 1980).

Transplantation of the SRC into the tibia also resulted in the formation of lung metastasis
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(Kenan and Steiner 1991). Lung metastasis has not been reported following
subcutaneous transplantation of the SRC tumor.

Additional studies of the SRC model have revealed that transplantation of the
SRC tumor into the tibia leads to the formation of a higher-grade tumor than of that
grown outside of the bone (Grimaud et al. 2002). The tibia SRC tumors induced
extensive bone remodeling, and it was hypothesized that the interaction between the bone
environment and the SRC cells was responsible for the higher grade of the tibia SRC
tumor (Grimaud et al. 2002).

Overall, the studies with the transplantable SRC tumor indicate that the SRC is an
appropriate model to study chondrosarcoma. These studies have also revealed that the
bone environment can influence tumor malignancy (Grimaud et al. 2002). This is in
agreement with findings in human chondrosarcoma, which suggest that tumor location
may impact malignancy (Lee et al. 1999). Although the rat model has been characterized
histologically, the molecular changes that underlie these histologic changes are not
defined. Epigenetic and gene expression analyses of the SRC tumor model will provide
insight into the role of the tumor microenvironment in the development and progression

of chondrosarcoma.

The SRC cell line
The aforementioned studies have been carried out on SRC tumors in vivo, but a
stable SRC cell line has also been established (King and Kimura 2003). The SRC cell
line is useful for functional chondrosarcoma studies because it can be manipulated in
vitro. Following in vitro manipulation, the cell line can be further studied in vitro or it
can be used to initiate in vivo tumors (Stevens et al. 2005). Taken together, the SRC
tumor model and the SRC cell line provide a useful system to identify genes and

pathways that may be involved in tumorigenesis and metastasis of chondrosarcoma.
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CHAPTER 11
MICROENVIRONMENT ALTERS EPIGENETIC AND
GENE EXPRESSION PROFILES IN SWARM RAT
CHONDROSARCOMA TUMORS
Introduction

Chondrosarcoma is the second most common primary bone malignancy (Ozaki et
al. 1996) accounting for 25% of primary bone sarcomas (Sandberg and Bridge 2003).
High grade lesions may be treated with chemotherapy/radiation but chondrosarcomas are
usually not responsive to treatment (Gitelis et al. 1981; Mitchell et al. 2000) and as a
result the 5-year survival rate of histologic grade III chondrosarcoma is only 29% (Aigner
2002).

To obtain a greater understanding of chondrosarcoma tumorigenesis, a rat model
of human chondrosarcoma has been developed (Breitkreutz et al. 1979; Grimaud et al.
2002; Kenan and Steiner 1991). The model, known as the Swarm rat chondrosarcoma
(SRC), histologically resembles the human tumor, indicating that the SRC is a suitable
model to study chondrosarcoma (Grimaud et al. 2002; Kenan and Steiner 1991).
Experiments with the SRC tumors have demonstrated that transplantation site can effect
the malignancy of the tumor, and more specifically, transplantation of the SRC tumor
into the tibia results in the formation of a higher grade tumor compared to those arising
from extraosseous transplantation (Grimaud et al. 2002). Since tumors were initiated
from the primary tumor in these transplantation studies, the increase in malignancy
observed with the SRC tibia tumor is likely to result from the interaction between the
tumor and its microenvironment.

Although the SRC tumors have undergone extensive histological characterization,
no studies have examined the effect that the transplantation site has on epigenetic and
gene expression profiles of the SRC tumors.

In our study, tumors were transplanted subcutaneously, or into the tibia of

Sprague-Dawley rats. Subcutaneous tumor transplantation led to the formation of
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significantly larger tumors than those tumors transplanted into the tibia. However,
similar to previous SRC experiments (Grimaud et al. 2002), transplantation of the SRC
tumor into the tibia resulted in the formation of more aggressive tumors that were capable
of invading the surrounding bone. SRC tumors were also detected in the lungs of rats
that had SRC tumor transplanted into the tibia, but no SRC tumors were detected in the
lungs of rats in which tumor cells were injected subcutaneously.

Epigenetic analysis was performed on the tumors to determine how the
transplantation environment effected DNA methylation. The analysis revealed that the
tumor transplantation site could significantly affect DNA methylation levels in the SRC

tumors.

Gene expression profiles of the SRC tumors
To complement the epigenetic analysis, SAGE (Serial Analysis of Gene
Expression) (Velculescu et al. 1995) was used to identify the gene expression changes
that accompanied the changes in phenotype of the SRC tumors at the different
transplantation sites. This global gene expression analysis revealed that the SRC tumors

have gene expression profiles that are unique to each transplantation site.

SAGE

SAGE is a technique that allows for the quantitative analysis of a large number of
transcripts without prior knowledge of the genes that are expressed in any given sample
(Velculescu et al. 1995) (Figure 1) . SAGE has previously been used to analyze the gene
expression of several cancers (Iacobuzio-Donahue et al. 2002; Lee et al. 2003; Zhang et
al. 1997), and it has also aided in the identification of new cancer markers (Argani et al.
2001; Porter et al. 2003; Walter-Yohrling et al. 2003). In the SAGE technique, cDNA is

reverse transcribed from mRNA from a given cell line or tissue. A short 14 bp sequence
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tag is isolated from each cDNA by series of enzymatic reactions. The sequence tags are
collected, ligated together, sequenced, counted, and finally the tags are matched to EST’s
or mRNAs. The collection and quantitation of individual tags, that represent a specific
transcript, allows for the generation of a gene expression profile from any given sample.
The final SAGE data output is a list of SAGE tags along with the total number of counts
for each tag.

There has not been extensive studies examining the global gene expression of
chondrosarcoma, and there is not sufficient knowledge of the types of genes expressed in
this tumor. Since SAGE can provide quantitative analysis of gene expression without
preexisting knowledge of the genes that are expressed in the SRC, it has an advantage

over other expression analysis techniques.

Functional analysis of differentially expressed genes

Analysis of the differentially expressed genes provided insight into the pathways
that are altered between the SRC tumors, and subsequent functional analysis provided
insight into the role that specific genes, thymosin-f34, c-fos and connective tissue growth
factor (CTGF), play in chondrosarcoma tumorigenesis. Overall, our study highlights the
influence of the microenvironment on epigenetic and gene expression profiles of SRC
tumors. Such profiles provide an insight into the biological pathways that may be
affected by the microenvironment, while underscoring the complex nature of SRC

tumorigenesis.

Materials and methods

Tumor induction and tissue harvesting
The tumor line SRC-JWS tumor line (Jeff Stevens, The University of lowa) was
used for all transplantation studies. We demonstrated by microscopy and

immunohistochemistry that tumors derived from transplantation of the SRC-JWS tumor
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line are similar to human conventional chondrosarcoma. Subcutaneous tumors were
induced as previously described (Morcuende et al. 2002; Stevens et al. 2005).
Subcutaneous tumors were induced as previously described. Briefly, SRC-JWS tumor
cells were isolated from a subcutaneous SRC tumor, and 5x10° tumor cells were injected
subcutaneously into the lower lumbar region of 4-week-old male Sprague-Dawley rats.
For the tibia transplantations, 5x10° SRC-JWS tumor cells were injected into the
proximal tibia as previously described (Kenan and Steiner 1991). Injection of SRC-JWS
tumor cells into the tibia also resulted in the formation of SRC tumors in the lungs. Since
this was observed even in the animals that had their legs amputated within minutes of
transplantation, the observed SRC lung tumors were considered to result from
colonization of SRC tumor cells into the lungs, as opposed to representing true lung
metastases. The animals were euthanized 35 days post tumor induction, and the tumor
tissues were frozen in liquid nitrogen immediately after excision and stored at -80°C.
Normal rat cartilage was obtained from femoral head cartilage of 37-40 day old

male Sprague-Dawley rats as previously described (Morcuende et al. 2002).

Total RNA Isolation
Total RNA was obtained from frozen tissues using TRIZOL reagent (Life
Technologies, Inc.) Total RNA was treated with DNase (Promega #M6101), and
subsequently treated with Proteinase K (Promega # 9PIV302). Total RNA was further

purified using RNeasy kit (Qiagen) and then used for subsequent reactions.

Sodium bisulfite-treatment of DNA
Genomic DNA was obtained by digestion with proteinase K (Quiagen) followed
by phenol/chloroform extraction, and was subjected to sodium bisulfite treatment to
modify unmethylated cytosine to uracil using the ‘CpGenome™ DNA Modification Kit’

(Chemicon International, CA).
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Pyrosequencing Primer design

The rat genome sequence (rn4/ version 3.4, Nov. 2004) and the annotation for
repetitive elements were obtained from the UCSC Genome Database. Satellite 1
sequences were extracted and subjected to in silico bisulfite conversion based on their
genomic coordinates in the UCSC database. Full-length Satellite 1 sequences were
identified and used for alignment to generate a Satellite 1 nucleotide base matrix. A
region within Satellite 1 sequence with dense CpG dinucleotides was selected for PCR
primer design. An electronic PCR was performed with the primers designed for rat
Satellite 1 sequences. A minimum of 137 distinct Satellite I elements were predicted to
be targeted in PCR reactions with the primer set designed. Using a single sequencing
primer, a total of 3 CpG dinucleotides were sequenced for each Satellite 1 element
targeted. The global methylation data generated was derived from a minimum of 411

CpG dinucleotides in Satellite elements.

SAGE library construction and data analysis

Poly (A)+ RNA was isolated from total RNA using mRNA DIRECT Kit (Dynal)
according to manufacturers instructions. The poly(A)+ RNA and a biotinylated oligo d(T)
primer were used for cDNA synthesis according to a previously described
method(Adams et al. 1993). SAGE was carried out as previously described (Velculescu
et al. 1995).

Approximately 100,000 tags were derived from each SAGE library. The initial
sequencing files from each SAGE library were processed with SAGE2000 (Johns
Hopkins University). For all analyses, each SAGE library was normalized to 100,000
tags. SAGE libraries were annotated using SAGEmap
(http://www.ncbi.nlm.nih.gov/projects/SAGE/). Mitochondrial tags were identified using

previously described annotation(Anisimov 2005). Genespring was used to perform
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hierarchical gene tree clustering (Pearson correlation; centroid linkage), and to
graphically represent the SAGE data. See Appendix A for complete SAGE data.

All SAGE data is (Gene Expression Omnibus) GEO compliant. The raw SAGE
data has been submitted to the GEO database. The accession number for the Swarm rat

chondrosarcoma SAGE data is GSE1517.

Real-Time Quantitative PCR

Total RNA was isolated using Trizol; RNA was treated with TURBO RNase-free
DNase (Ambion Cat# AM1907). Total RNA (1ug) was used to make cDNA with the
iScript cDNA Synthesis kit (BioRad). Real time PCR was performed with the i1Q SYBR
Green Supermix (BioRad), and rat specific primers. Real time PCR primers were
designed with Beacon Designer 6.0 (Premier Biosoft International; Palo Alto CA).
Thymosin-B4 primers (Forward: CACATCAAAGAATCAGAACTAC; Reverse:
TCTCAATTCCACCATCTCC). C-fos primers (Forward:
ACCACGACCATGATGTTC). For SYBR green PCR’s, 18S-RNA was used as a
reference gene (Zhu and Altmann 2005) (Forward:
GGGAGGTAGTGACGAAAAATAACAAT; Reverse: TTGCCCTCCAATGGATCCT).

To measure the expression of the transgene construct, primers were designed for
the IRES (Internal Ribosome Entry Sequence). The IRES sequence is present in all
expression vectors used within this report. The primer sequence; MSCV-IRES-F:
TCTGTAGCGACCCTTTGC and MSCV-IRES-R: TTCCACAACTATCCAACTCAC.
For the analysis of transgene expression 18S-RNA was used a reference gene as
described above.

The Pfaffl method was used to calculate the normalized gene expression (Pfaffl
2001). For each real time PCR analysis the individual sample being examined was used
as the test sample in the Pfaffl method. The calibrator sample, for the Pfaffl method, was

an equal mixture of cDNA from rat normal cartilage, SRC tumor, and/or SRC cell line.
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All real time qPCR results are displayed as a ratio of the target gene relative to the
reference gene, in a specific test sample, compared to the expression of the target gene

relative to the reference gene in the calibrator sample.

Thymosin-p4 and c-fos overexpression

Two vectors were made for the overexpression experiments: MSCV-Thy[34-1-
Puro and MSCV-cfos-I-Puro. The expression of Thyp4 and c-fos was driven by the
retroviral LTR, and the expression of the Puromycin resistance gene was controlled by
the IRES sequence. For overview of viral production see Figure 2.

The rat thymosin-f4 coding sequence was PCR amplified from a rat normal
cartilage cDNA library clone (UI-R-DY 1-cns-1-12-0-UI) using the following primers;
Forward: CTCTGAGCAGGAATTCTCTCCTTGTTCGCCCAGCTC and Reverse:
CTCAGTCAGTCTCGAGTGCCCTGCCTTCTCTGACTG. The resulting
thymosin-f4 PCR product was digested with EcoRI and Xhol. The digested PCR
product was ligated to an EcoRI-Xhol digested MSCV-I-Puro vector.

The rat c-fos coding sequence was PCR amplified from a Swarm rat
chondrosarcoma cDNA library clone (UI-R-DZ0-crj-j-07-0-UI) using the following
primers; Forward: TCTACCCCTGGAATTCTCGCCGAGCTTTGCCCAAAC and
reverse: CTCAGTCAGTCTCGAGTGCCCTGCCTTCTCTGACTG. The resulting
c-fos PCR product was digested with EcoRI and Xhol. The digested PCR product was
ligated to an EcoRI-Xhol digested MSCV-I-Puro vector.

A murine stem cell virus was prepared by transfecting 293T cells with three
plasmids; pMSCV-I-Hyrgo vector (for control cells: pMSCV-I-Hyrgo; for thymosin-{34:
MSCV-Thyf4-I-Puro; for c-fos expression MSCV-cFos-I-Puro), pEQ-Pam3(-E) (which
encodes retroviral gag and pol) and pSRa-G (which encodes glycoprotein G from
Vesicular Stomatitis Virus) (Rose and Gallione 1981). Forty eight hours post-transfection

media containing retroviral vector was collected, aliquoted, frozen, and stored at -80°C.
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This vector was then used to transduce the Swarm rat chondrosarcoma cell line (SRC-
LTC (Long Term Culture) (King and Kimura 2003), [obtained from Jeff W. Stevens,
University of lowa]), in the presence of Spug/ml polybrene on three successive days
allowing the cells to recover in the media generally used overnight. Transduced cells
were selected by incubation with puromycin at a concentration of 3pg/ml for 14 days.
The overexpression of thymosin-B4 and c-fos was confirmed following puromycin

selection.

Cell culture conditions

SRC-LTC cells were cultured in DMEM high glucose (4.5g glucose/ml)
supplemented with 10% FBS and Penicillin/Streptomycin. Cells were plated at 2.5.x10*
cells with 6ml of media in a 25 cm® T flask. Cells were grown until they became 80-90%

confluent (6days), and at this time the cells were trypsinized and split.

Invasion assay

A Membrane Invasion Culture System (MICS) was used to measure the in vitro
invasiveness of all SRC cell lines as previously described (Hendrix et al. 1987). Briefly,
a polycarbonate membrane with 10-um pores was uniformly coated with a defined
matrix. Both upper and lower wells of the chamber were filled with RPMI. For CTGF
treatment, the RPMI was supplement with 50ng, 100ng, or 250ng/mL of CTGF.
Recombinant CTGF obtained from PeproTech Inc.(Rocky Hill, NJ) (C-terminal peptide;
product# 120-19). SRC cells were seeded into upper wells at a concentration of 5x10°
cells per well. After a 24-hour incubation in a humidified incubator at 37°C with 5%
CO,, cells that had invaded through the basement membrane were collected, stained, and

counted by light microscopy (Sood et al. 2004).
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Tumor Inductions in nude mice and tissue processing

The SRC cells were grown until they were 80% confluent, the cells were then
washed with PBS, and then cells were removed from the plate using TrypLE Express
(GIBCO cat#: 12605-010) according to manufactures instructions. Following removal of
SRC cells from plates, the cells were washed with PBS, centrifuged, and resuspended in
PBS. 5x10°cells were injected subcutaneously into the lower lumbar region of 4 week
old nude mice (Males; Charles River, Strain code: 088). For the control group, the SRC
—LTC-MSCV-I-Hyrgo (cells expressing the empty viral vector) were injected into 10
separate mice. For one experimental group, the SRC-LTC- MSCV-Thyp4-1-Puro cells
were injected into 10 separate mice. For the other experimental group, the SRC-LTC-
MSCV-cFos-I-Puro cells were injected into 10 separate mice.

Following the injection, the animals were monitored twice weekly for 60
days. After 60 days the animals were euthanized by CO, gas inhalation followed by
cervical dislocation. Immediately following euthanization, tumors and other tissues were
frozen in liquid nitrogen or placed in paraformaldehyde for histology.

Nude mice were selected for this study because previous experiments in our lab
have demonstrated that the SRC-LTC cell line grows in nude mice without host rejection.
Since the SRC-LTC was modified with a retrovirus, we wanted to reduce the chance that
the tumor cells would be rejected by the host immune response. Previous experiments in
our laboratory have also indicated that the subcutaneous injection of SRC-LTC cells
(modified with retrovirus) in to nude mice would lead to the formation of palpable tumors
in 4 weeks. Subcutaneous injection of SRC-LTC cell line into rats resulted in slower
tumor growth than in nude mice. Palpable tumors were detected at 4 months in rats
compared to less than 1 month in nude mice. Additionally, some rats did not have a
palpable tumor at 4 moths. To limit experimental time, and to prevent the rejection
tumor cells by the host, nude mice were selected for the transplantation experiments with

SRC-LTC cells.
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Statistical Analysis

Significant differences in tag count between SAGE tag libraries were determined
using a Z-test (<=.05) (Ruijter et al. 2002). When the significance level is set at 0.05, a
z-value greater than 1.96 is considered as a statistically significant difference.

DNA methylation level data were analyzed with the analysis of variance
(ANOVA) method and mean DNA methylation levels from three groups were compared
with the normal rat cartilage group and resulted p-values were adjusted using the Dunnett
method. We used statistical software SAS 9.1 and R to conduct analysis and generate

figures. The statistically significant level is 0.05 for all comparisons.

Results

Tumor transplantation site affects tumor phenotype

Tumors were initiated by transplanting SRC tumor cells subcutaneously or into
the tibia of Sprague-Dawley rats. The tumors exhibited different growth characteristics
depending on the tumor transplantation site. Approximately 3 weeks following
subcutaneous transplantation tumors were isolated and determined to have an average
weight of 35.05g (Table 1). However, 3 weeks following tumor transplantation into the
tibia the tumors weighed an average of 75.22mg (Table 1). As reported previously
(Grimaud et al. 2002), transplantation of the SRC tumor into the tibia resulted in tumor
invasion into the surrounding bone (Figure 3A). Tumor transplantation into the tibia also
led to the formation of SRC tumors in the lungs of rats (50% of animals; Figure 3B). No
SRC lung tumors were detected in the lungs of rats that had the SRC tumor transplanted
subcutaneously.

Although 50% of the animals with the tibia SRC tumor also developed lung SRC
tumors, the latter most likely result from colonization of tumor cells in the lungs rather
than metastasis. As pointed out before, animals that had their leg amputated immediately

following tumor transplantation did exhibit tumors in the lungs. Hence, we do not refer
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to the SRC lung tumor as a metastatic tumor. Since chondrosarcoma does metastasize to
the lungs in humans, we feel that including the SRC lung tumors in subsequent analyses

might provide relevant information relating to chondrosarcoma tumorigenesis.

Epigenetic analysis of SRC tumors

Epigenetic analyses were carried out to determine if there was a difference
in the DNA methylation profiles of the tumors that were initiated at different
transplantation sites. Methylation levels of cytosines in repetitive elements has been used
as a surrogate marker for genome-wide methylation (Yang et al. 2004), and therefore the
Satellite 1 repetitive element was selected as a surrogate methylation marker. Rat
specific pyrosequencing assays were designed to examine the methylation of Satellite 1
sequences throughout the genome. Pyrosequencing was performed on DNA isolated
from control tissue, rat normal (articular) cartilage (RNC), and on SRC tumor tissue from
the different transplantation sites.

Pyrosequencing of rat satellite 1 revealed methylation differences between
the SRC tumors and rat normal cartilage, as well as among the SRC tumors at different
transplantation sites. Specifically, the SRC tumors have a lower level of methylation
than rat normal cartilage (Figure 4). For the SRC tumors, the subcutaneous tumor and
tibia tumor have lower Satellite 1 methylation levels than the lung tumor (Figure 4).

These results demonstrate that the Satellite 1 DNA is hypomethylated in
SRC tumors compared to control tissue, and the results also indicate that transplantation
site can influence DNA methylation levels in SRC tumors. Since the changes in
methylation levels were detected in satellite 1 DNA sequences throughout the genome,
the changes in methylation may be indicative of other changes in methylation that are a

result of tumor growth at different transplantation sites.
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SAGE library description
Based on the aforementioned differences between the SRC tumors, we
hypothesized that tumors would also exhibit significant differences in gene expression.
To test this hypothesis, SAGE was used to generate gene expression profiles for the SRC
tumors. SAGE profiles were generated for rat normal cartilage, the subcutaneous SRC
tumor, the tibia SRC tumor, and the SRC lung tumor. Over 400,000 SAGE tags were
sequenced for this analysis, and the total number of SAGE tags sequenced for each

library and the number of unique tags in each library are shown in Table 2.

Gene expression differences between normal cartilage and
the SRC tumors

The SRC tumors have significantly different gene expression profiles compared
rat normal cartilage (control tissue), and these gene expression changes distinguish
tumors from RNC (Figure 5). Analysis of the differentially expressed genes revealed
changes in several pathways that may be important to chondrosarcoma tumorigenesis.
(Table 3). The most significantly altered pathway, “Skeletal and muscular system
development and function”, highlighted differences in gene expression that could directly
impact the extracellular matrix of both tumor cells and surrounding host cells.
Specifically, gene expression alterations were detected for structural extracellular matrix
genes (Figure 6A) and for extracellular matrix modifying proteases (Figure 6B).

Most structural extracellular matrix genes were expressed at lower levels in the
SRC tumors than in normal cartilage, but closer analysis revealed changes in gene
expression that were unique to the SRC tumor at each transplantation site (Figure 6A).
The expression of specific proteases varied among tumors and the expression changes of
the proteases may represent changes that are unique to the SRC tumors at specific
transplantation sites (Figure 6B).

Changes to the extracellular matrix have prognostic value in chondrosarcoma.

Decreased expression of specific extracellular matrix molecules has been associated with
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high grade human chondrosarcomas (Aigner et al. 2002). Increased expression of specific
proteases has also been reported in human chondrosarcoma (Soderstrom et al. 2001a;
Soderstrom et al. 2001b).

These results indicate that gene expression alterations in the SRC tumors are
similar to changes observed in human chondrosarcoma, and they provide additional
support to previous work demonstrating that the SRC tumor model resembles human

chondrosarcoma (Kenan and Steiner 1991).

Transplantation site influences gene expression

The SRC tumors have gene expression profiles that are unique to their
transplantation site (Figure 8). Although each SRC tumor originated from the same
source tumor, significant gene expression differences were detected among the SRC
tumors. Further characterization of these differences revealed changes in the expression
of genes involved in regulating “Cellular Assembly and Organization” (Table 3). Several
genes related to cell motility were upregulated in both the tibia and lung SRC tumors
(Figure 7A). The altered expression of cell motility related genes suggest that both the
tibia and the lung microenvironments may promote changes in the actin cytoskeleton,

which in turn may have a direct impact on the invasiveness of SRC cells

Endogenous thymosin-34 expression in the SRC tumors

It is noteworthy that one of the genes identified in cell motility pathway,
thymosin-f4, is significantly upregulated in the tibia and lung SRC tumors (Figure 9A).
Thymosin-p4 is thought to play a role in the cytoskeletal organization of chondrocytes
(Blain et al. 2002), and overexpression of thymosin-p4 may influence tumorigenicity and

metastasis (Kobayashi et al. 2002).
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Endogenous c-fos expression in the SRC tumors

The second most significantly altered pathway was “Cellular Growth and
Proliferation”(Table 3). More detailed examination of this pathway identified several
differentially expressed genes that are components of the AP-1 transcription factor
complex (Figure 7B). AP-1 is a potent transcription factor that has multiple functions in
tumor cells (Eferl and Wagner 2003). One particular component of AP-1, c-fos, was
differentially expressed in both the tibia and lung SRC tumors (Figure 9B). Expression
of c-fos has been investigated in human chondrosarcoma (Weisstein et al. 2001).
Overexpression of c-fos leads to the development of chondrogenic tumors (Wang et al.
1991), and c-fos activity has been associated with increased invasiveness of

chondrosarcoma cells (Tuckermann et al. 2001).

Growth factor expression in the SRC tumors

These results demonstrate that gene expression varies with transplantation site.
Gene expression changes in the SRC could promote additional expression changes in the
SRC cells and they could also promote expression changes in the surrounding host cells.
For example, changes in growth factor expression were detected in the SRC tumors
(Figure 7C). These growth factors could be secreted into extracellular matrix where they
have the potential to interact with tumor and/or host cells. Taken together, these results
indicate that the tumor transplantation site has a significant impact on the gene expression
profile of the SRC cells. These analyses provide insight into the interaction between the
SRC cells and the transplantation site, as well as to the specific pathways that may

contribute to SRC tumorigenesis.
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Functional analysis of differentially expressed genes

Overexpression of thymosin-f4 and c-fos

Based both on their differential expression (Figure 7) and their potential role in
tumorigenesis, thymosin-f34 and c-fos were selected for additional analyses. Thymosin-
4 and c-fos were independently overexpressed in a SRC cell line and the cell lines were
used to induce subcutaneous SRC tumors (Figure 10A). Control tumors were induced
with SRC cells expressing the empty viral vector, while the tumors in the experimental
groups were induced by injection of SRC cells overexpressing either c-fos or Thymosin-
4. Histologically, the tumors were classified as grade Il chondrosarcomas (Figure 10B),
but other phenotypic differences were observed between the tumors.

Overexpression of thymosin-f4 resulted in the formation of the largest SRC
tumors (Table 4). However, the size of the thymosin-4 overexpressing tumors varied
among animals and the average tumor weight was not statistically different from that of
tumors derived from control cells (Figure 11). Although thymosin-p4 tumors did not
exhibit a statistically significant difference in size relative to the control tumors, it should
be noted that one of the mice (with the thymosin-4 tumor) died before the end of the in
vivo experiment (n=10; 1 mouse died; see Table 4). Histologic analysis of this animal
revealed multiple lung chondrosarcoma micrometastases.

C-fos overexpression resulted in the formation of tumors that were significantly
smaller than control tumors (Figure 11 and Table 4). Micrometastasis was not detected

in any animals with c-fos overexpressing tumors.

CTGF and the SRC cells

Growth factor expression varied with the tumor transplantation site (Figure 7C),
but the functional consequences of these changes are unknown. One growth factor,
CTGF (Connective Tissue Growth Factor), was selected for further analysis because of

its differential expression and previously reported altered expression in several cancers
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(including chondrosarcoma) (Chang et al. 2004; Kondo et al. 2006; Pan et al. 2002;
Shakunaga et al. 2000). To test the influence of CTGF, the invasiveness of the SRC cells
was examined following incubation with varying concentrations of CTGF. SRC cells
were incubated with varying concentrations of CTGF. The lower does of CTGF (50 and
100ng/mL) did not significantly alter the invasiveness compared to that of control cells,
but a higher concentration of CTGF resulted in a significant decrease (30%) in SRC

invasiveness (Figure 12).

Discussion

Tumor microenvironment is an important factor that can influence the malignancy
of SRC tumors (Grimaud et al. 2002). Previous studies have characterized the
histological changes that accompany SRC tumor growth at different transplantation sites
(Grimaud et al. 2002). However, little is known about the gene expression changes that
underlie the histological changes. To address this issue, we examined the epigenetic and
gene expression changes following SRC growth at different tumor transplantation sites.
Epigenetic and gene expression changes were detected between the SRC and normal
tissue, and additional analysis revealed gene expression changes among SRC tumors
grown at different transplantation sites. Closer examination of differentially expressed
genes and subsequent functional analysis provided insight into the involvement that
specific genes may have in chondrosarcoma tumorigenesis.

Subcutaneous SRC tumor transplantation resulted in the formation of tumors that
were significantly larger than SRC tumors induced into the tibia. Although the tibia
tumor was smaller, the tibia tumor displayed increased tumor infiltration and bone
destruction over time. These findings are in agreement with previous findings indicating
that tibia transplantation of the SRC results in tumor infiltration (Kenan and Steiner

1991) and changes in the malignancy of the SRC cells (Grimaud et al. 2002).
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Epigenetic analysis of the SRC tumors revealed that the SRC tumors are
hypomethylated compared to normal rat cartilage. The epigenetic analysis also
demonstrated that the tumor transplantation site can influence the DNA methylation
levels of the SRC tumors, and this result supports previous findings that suggest that the
microenvironment may modulate epigenetic events in solid tumors (Shahrzad et al.
2007). Although the impact of hypomethylation on the SRC cells is not completely
known, DNA hypomethylation has been observed in several types of cancer(Hoffmann
and Schulz 2005), and previous studies have demonstrated that DNA hypomethylation
may have a significant impact on tumorigenesis (Eden et al. 2003; Gaudet et al. 2003).

In addition to differences in DNA methylation, the SRC tumors possessed
significantly different gene expression profiles depending on the transplantation site.
Furthermore, the SRC tumors also have a significantly different gene expression profile
as compared to normal rat cartilage. These include significant decrease in the expression
of several extracellular matrix molecules (Figure 6A). Studies with human
chondrosarcoma have indicated that the expression of Collagen type II and aggregan is
indicative of a mature neoplasm with low reoccurrence and low chance for metastasis
(Aigner 2002). A decrease in the expression of extracellular matrix molecules, as
observed in SRC tumors, may represent a change in the nature of the SRC tumors from a
mature neoplasm to a more aggressive dedifferentiated neoplasm.

The SRC tumors also expressed several matrix metalloproteases and cathepsins
(Figure 6B). The expression of these proteases varied depending on the SRC
transplantation site, but since these proteases alter the extracellular matrix, their
expression may have a significant impact on tumor progression. Altered expression
matrix metalloproteases and cathepsins has previously been reported in human
chondrosarcoma (Soderstrom et al. 2001a; Soderstrom et al. 2001b), and their expression
may play an important role altering the extracellular matrix and promoting tumor

invasion. For example, cathepsin K, is thought to play a role in human chondrosarcoma
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progression (Soderstrom et al. 2001b), and cathepsin K is expressed at highest levels in
SRC tumors grown in the tibia. Cathepsin K is a protease that has the ability to degrade
collagen type I (Bromme et al. 1996), a major component of bone. The expression of
cathepsin K may explain the degradation of bone that is observed with the tibia SRC
tumors (Figure 3A). The expression of cathepsin K combined with the expression of
other proteases may lead to extracellular matrix degradation and subsequent SRC tumor
progression.

Further analysis of the SAGE data revealed additional gene expression changes
that may also contribute to chondrosarcoma tumorigenesis. Both the tibia SRC tumor
and the lung SRC tumor displayed elevated levels of genes regulating the actin
cytoskeleton (Figure 7A), and the SRC tumors also displayed elevated levels of genes
controlling cellular growth and proliferation (Figure 7B). Overexpression of a cell
motility related gene, thymosin-f4, did not produce tumors that were significantly larger
than control tumors (Figure 11). However, overexpression of thymosin-f4 resulted in
chondrosarcoma lung metastasis and subsequent death in one animal. In human
chondrosarcoma, tumor size does not always correlate with tumor malignancy (Lee et al.
1999), and although the thymosin-p4 tumors are not larger than control tumors, they may
have a greater malignant potential.

Although the function of thymosin-p4 in the SRC is not completely known, high
levels of thymosin-f4 have been detected in human chondrosarcoma (National Cancer
Institute: SAGE Genie database). Overexpression of thymosin -4 has previously been
shown to regulate motility and invasiveness in fibrosarcoma (Kobayashi et al. 2002), and
reports in melanoma suggest that thymosin-f34 can stimulate metastasis through the
activation of cell migration and angiogenesis (Cha et al. 2003). The ability of thymosin-
4 expression to increase tumor cell motility may be related to its function in the
regulation of the actin cytoskeleton (Ridley 2000), but thymosin-B4 may have other

functions in the SRC cells. Thymosin-f4 can be secreted into the extracellular matrix
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(Huang and Wang 2001), and extracellular stimulation with thymosin-f4 may lead to
increased Ap-1 activity.

C-fos is a component of the AP-1 transcription factor complex, and AP-1 is
thought to play multiple roles in tumorigenesis (Eferl and Wagner 2003). C-fos
overexpression has previously been shown to lead to the development of chondrogenic
tumors (Wang et al. 1991). However, overepxression of c-fos in SRC cells resulted in the
formation of tumors that are significantly smaller than those derived from control tumor
cells (Figure 11). The inability of c-fos overexpression to promote tumor progression
may be explained by the fact that c-fos has different transcriptional activation potential
depending on which protein it heterodimerizes with to form the AP-1 transcription factor
complex (Hess et al. 2004).

C-fos can interact with several proteins to form variations of the AP-1
transcription factor complex (Eferl and Wagner 2003). Indeed, analysis of the SAGE data
from SRC tumors revealed the expression of a subset of c-fos interacting proteins,
namely c-jun and v-maf (Figure 7B). C-jun and v-maf proteins can form heterodimers
with c-fos to form an AP-1 transcription factor complex. In our study, c-fos was
overexpressed, but not other components of the AP-1 transcription factor complex. It is
possible that no increase in tumor progression was observed in SRC cells because there
was not a concomitant increase in the expression of other proteins that bind to c-fos to
make the active AP-1 transcription factor complex. Overexpression of c-fos may lead to
the formation of inactive c-fos homodimers that do not possess the transcriptional ability
required to promote turmor progression. Inactive c-fos homodimers may interrupt the
normal state of AP-1 transcription in the SRC tumors, and this may explain how tumor
growth was inhibited in SRC tumors that overexpressed c-fos. In osteosarcoma, co-
overexpression of c-fos and c-jun resulted in an increase in tumor formation compared to
cells that were overexpressing either c-fos or c-jun (Wang et al. 1995). This

osteosarcoma study indicates that the tumorigeneic potential of c-fos is dependent upon
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the proteins that interact with c-fos to produce active heterodimeric AP-1 transcription
factor complexes.

Although c-fos overexprssion did not promote an increase in tumor growth, c-fos
and AP-1 signaling have been associated with chondrosarcoma development
(Papachristou et al. 2005). Another possibility is that c-fos overexpression may promote
other aspects of tumor progression. For example, c-fos signaling may influence the
invasiveness of human chondrosarcoma cells through the activation of matrix
metalloproteases (Hou et al. 2009; Tan et al. 2009). C-fos/AP-1 activity may result from
signaling interactions between the SRC tumor cells and the local microenvironment. The
signaling mediators and effectors of c-fos/AP-1 interactions may vary depending on the
microenvironment of the transplantation site, but they may be the result of signaling from
growth factors, cytokines, or other signaling molecules.

Changes in growth factor expression were also detected in the SRC tumors
(Figure 7C), and the expression of these growth factors may influence gene expression in
the tumors. VEGF, TGFB2, and CTGF are expressed in human chondrosarcoma, and the
potential function of these growth factors range from cell motility, to cell growth, to
angiogenesis (Furumatsu et al. 2002; Masi et al. 2002; Yosimichi et al. 2001). In our
study, incubation with CTGF led to a decrease in the invasiveness of the SRC cells
(Figure 12). Although this result may appear counterintuitive to a role for CTGF in
tumor progression, CTGF has recently been shown to enhance cell adhesion of a human
chondrosarcoma cell line through interaction with fibronectin (also expressed in the SRC
cells; Figure 6A) (Hoshijima et al. 2006). CTGF is expressed in normal lung cells
(Rishikof et al. 2002; Wu et al. 2009), and an intriguing hypothesis is that CTGF may
play a role in the adhesion of tumor cells in the lung. In addition to a role in cellular
adhesion, CTGF has previously been shown to influence cell proliferation and
angiogenesis (Brigstock 2002; Shimo et al. 1999), but additional experiments are needed

to determine if CTGF affects these pathways in the SRC.
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The mode of growth factor induction in the SRC tumors is not known, but growth
factor induction could be mediated through AP-1 signaling. Binding sites for AP-1 have
been identified in the promoter region of CTGF (Xia et al. 2007) and TGFB-2 (Noma et
al. 1991). AP-1 is capable of activating the IGF-2 promoter (Caricasole and Ward 1993),
and the expression of VEGF has previously been shown to be mediated through AP-1
(Cho et al. 2006). The induction of growth factors in the SRC may, in part, be regulated
by AP-1. Alternatively, changes in AP-1 expression may also be influenced by growth
factor expression (Karin et al. 1997; Lo and Cruz 1995; Piechaczyk and Blanchard 1994).

Taken together, these experiments highlight the importance of the tumor
microenvironment in SRC tumorigenesis. Transplantation of a SRC tumor into different
microenvironments in the rat resulted in phenotypic changes in the tumor. The changes
in the phenotype were accompanied by epigenetic changes as well as gene expression
changes. The epigenetic analysis demonstrated that methylation patterns were altered
following tumor transplantation, indicating that the transplantation site can affect the
DNA methylation of the SRC tumors. The gene expression analysis revealed that the
SRC tumors exhibit unique gene expression profiles that are related to their
transplantation site. Subsequent functional analysis provided insight into the mechanisms
of SRC tumorigenesis, and suggests that thymosin-4 may play a role in influencing the
malignancy of the SRC tumors.

Further research is needed to examine the function of thymosin-p4 in
chondrosarcoma, and more research is needed to identify factors that influence thymosin-
4 expression. For example, the promoter region of the human thymosin-4 gene
contains a CpG Island (Yang et al. 2005), which indicates that DNA methylation could
play a role in the regulation of thymosin-f4. Additionally, experiments are needed to
determine how biologic signaling at the transplantation site affects DNA methylation, and

to determine if these changes in DNA methylation have an effect on SRC tumorigenesis.
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Tumor Transplantation site

Average tumor weight

Standard Deviation

Subcutaneous SRC tumor 35.05g +/- 5.66g
Tibia SRC tumor 75.22mg +/- 24.83mg
Lung SRC tumor 13.52mg +/- 5.81mg

Note: The average tumor weight and standard deviation are shown. For the
subcutaneous SRC tumor, the weight was calculated from 6 animals. For the tibia SRC
tumor, the weight was calculated based on tibia tumors isolated from 14 separate animals.
For the lung tumor, the weight represents the average weight of individual metastasis
collected from 7 animals. The lung tumors were isolated from animals that had SRC
tumor transplanted into the tibia (7 of 14 animals had lung tumors).
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Table 2. Summary of SAGE tags generated from each normal cartilage and the SRC
tumors.

SAGE Library Summary
Femoral Head Ch dRat Rat Rat
Cartilage (5 week ONCTOSArCOMA | - ondrosarcoma | Chondrosarcoma
Subcutaneous o
old rats) Tibia Tumor Lung Tumor
Tumor
Tag Count 120,220 89,798 101,859 108,781
Unique Tags 22,323 20,354 23,577 24,648

Note: The total number of SAGE tags and the number of unique tags are listed for each
SAGE library. For data presentation, all SAGE libraries were normalized to 100,000
tags. Full SAGE data is presented in Appendix A.
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Table 3. Pathway analysis of differentially expressed genes between RNC and SRC

tumors.

Rank Category P-value
1|Skeletal and Muscular System Development and Function 5.07E-12
2|Cellular Growth and Proliferation 4.21E-07
3|Cellular Assembly and Organization 1.74E-06
4|Cellular Function and Maintenance 1.74E-06
5|Connective Tissue Development and Function 5.06E-05

Note: The list of genes differentially expressed between RNC and all SRC tumors
analyzed with the pathway-mapping program Ingenuity. The top five functional
pathways and their corresponding p-values are displayed in table.
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Table 4. Summary of subcutaneous tumor weight following transplantation of SRC cells
that overexpress thymosin-f34 or c-fos.

Summary of subcutaneous SRC tumor weight
Control tumors Thymosin-4 tumors c-fos tumors

Animal Final Tumor Animal Final Tumor Animal Final Tumor

Number Weight (g) Number Weight (g) Number Weight (g)
1 0.705 1 1.078 1 0.272
2 0.653 2 0.6 2 0.303
3 1 3 0.795 3 0.513
4 0.803 4 1.323 4 0.201
5 1.02 5 1.836 5 0.4
6 0.658 6 0.65 6 0.191
7 1 7 0.454 7 0.441
8 1.112 8 0.759 8 0.442
9 0.359 9 1.015 9 0.363
10 1.074 10 0.04 ' 10 0.281

Note: Tumors were harvested 33 day following subcutaneous tumor transplantation.

' This animal died 2 weeks into the experiment. Histologic analysis of this animal
revealed multiple chondrosarcoma lung metastases. Lung metastases were not found in
any tumors from control or c-fos expressing cells.
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Figure 1. Schematic diagram of a SAGE experiment. SAGE (Serial Analysis of Gene
expression) generates an expression profile that is based on the quantification
of “tags”, which are a short nucleotide sequence that correspond to a mRNA
transcript. (A) Polyadenylated RNA is used is used to construct a biotin-oligo
d(T)-primed cDNA library. (B) The cDNA is cleaved with an anchoring
enzyme, and the resulting 3 end of the cDNA is isolated with streptavidin
beads. (C)The cDNA is then split in half; one half is ligated to linker “A” and
the other half is ligated to linker “B”. The linkers contain a tagging enzyme
(TE) recognition site. Digestion with TE thus releases the “linker-SAGE tag”
cDNA fragments of ~20bp (D) The two pools of tags are blunt ended, and
then the pools are ligated to each other to form “Di-tags”. (E) The ligated
“Di-Tags” are then PCR amplified with primer specific to linkers “A” and
“B”. (F) The PCR amplified “Di-tags” are digested with the anchoring
enzyme to remove the linker sequence (freeing the “Di-tag”). (G) Lastly the
“Di-tags” are ligated and sequenced. The sequence is then computationally
analyzed and the tags are quantified. Figure modified from (Velculescu et al.,
1995).
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Figure 2. Transient transfection of 293T cells to produce viral particles. The viral vector
has been modified so that it cannot, by itself, make proteins required for
additional rounds of replication. The viral proteins that are needed for the
initial infection can be provided in trans. 5> and 3’ LTRs contain transcription
factor recognition sites. The GAG sequence encodes for proteins that form
the shell of the complete retroviral particle. The POL sequence encodes for
reverse transcriptase, integrase and ribonuclease H (important for viral
integration into host DNA). The ENV sequence encodes for an envelope
glycoprotein that extends from the membrane of the viral particle (the ENV
protein is the ligand for the receptor on the host cell). The “PR” sequence in
the vector DNA contains the promoter sequence that drives the expression of
the GAG-POL and ENV. “W ™ denotes the packaging signal (note that the
packaging sequence is only present in the vector containing the gene of
interest). The complete description of the viral vectors is located in the
Materials and methods.
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Figure 3. Phenotype of the Swarm Rat chondrosarcoma varies based on tumor
transplantation site. (A) Transplantation of the SRC tumor into the tibia of
Sprague-Dawley rats. Histologic micrographs at day 0, day 7, and day 34.
Successive histologic micrographs revealed increased tumor volume and
invasion of the tumor into the bony cortex. Cells stained with safranin O and
fast green. (B) SRC tumor detected in the lung of a rat that had the SRC tumor
transplanted into the tibia. Note the presence of multiple SRC tumors. Lung
tumors were detected in 50% of the animals that had the SRC tumor
transplanted into the tibia. The number of metastases in a single animal
numbered from 1 to 54 (average=10). The average size of the tumors was
2mm. No lung tumors were detected in the animals with subcutaneous tumor

transplants.
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Figure 4. Transplantation microenvironment influences DNA methylation in SRC
tumors. Pyrosequencing revealed that Satellite 1 DNA was hypomethylated
compared to DNA from rat normal cartilage (control tissue). The satellite 1
DNA in the subcutaneous SRC tumor and the tibia SRC tumor was
hypomethylated compared to the DNA in the lung SRC tumor. The graph
illustrates the average DNA methylation that was calculated from a pool of
tissues from each transplantation site. For each transplantation site, tissue was
pooled from at least 10 separate animals. The error bars represent technical
replicates of the pooled tissue samples. The p-values represent the
significance of the comparison of a specific sample with normal rat cartilage
(p-value<0.05 represents a statistically significant difference).
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Figure 5. Heat map displaying the differentially expressed genes between RNC and SRC
tumor tissues. Rat normal (articular) cartilage has a unique expression profile
when compared to the expression profiles of the SRC tumors. The changes in
gene expression may represent critical differences between normal cartilage
cells and chondrosarcoma, and they may also represent changes important for
the development and progression of chondrosarcoma. Heat map displays the
differentially expressed genes that were expressed at a level of at least 25 tags
in one library. Color bar illustrates relative gene expression levels. Columns
represent SAGE libraries and rows represent the expression of individual
SAGE tags. For complete gene list and annotation see Appendix B.
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Figure 6. SAGE reveals gene expression differences between the SRC tumors and normal
cartilage as well as gene expression differences between SRC tumors. (A)
Expression of extracellular matrix genes. (B) Expression of extracellular
matrix modifying proteases. Heat map displays relative expression values.
Actual expression values are listed to the right of the heat map.
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Figure 7. SAGE reveals gene expression differences between the SRC tumors and normal
cartilage as well as gene expression differences between SRC tumors. (A)
Expression of genes related to cell motility. (B) Expression of components of
the AP-1 transcription factor complex. (C) Expression of growth factors. Heat
map displays relative expression values. Actual expression values are listed to
the right of the heat map.
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Figure 8. Tumor transplantation site significantly alters the gene expression profiles of

the SRC tumors. Since the SRC tumors at different transplant sites originated
from the same source tumor, the unique SRC gene expression profiles at each
transplant site are likely a result of interactions in the microenvironment
between tumor cells and host cells. (A) Differential gene expression between
the Subcutaneous SRC tumor (highlighted in yellow) and SRC tumors at the
other transplantation sites (200 genes upregulated and 107 genes
downregulated in the Subcutaneous SRC tumor). (B) Differential gene
expression between the Tibia SRC tumor (highlighted in yellow) and the SRC
tumors at the other transplantation sites (106 genes upregulated and 108 genes
downregulated in the tibia SRC tumor). (C) Differential gene expression
between the Lung SRC tumor (highlighted in yellow) and the SRC tumors at
the other transplantation sites (157 genes upregulated and 73 genes
downregulated in the lung SRC tumor). Only genes with significantly
different gene expression were included in each analysis (z>1.96; see
Materials and methods). SAGE tags also needed to have an expression level
of at least 25 in one tissue to be included in the analysis. Condition trees
illustrate the relationship between the SAGE libraries with respect to the set of
differentially expressed genes. Color bar illustrates relative gene expression
levels. See Appendix C for complete data set and annotation of the genes
presenting within this figure.
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Figure 9. SAGE and quantitative RT-PCR confirm the expression of thymosin-4 and c-

fos in the SRC tumors. (A) Thymosin-f4 expression in the SRC tumors
(SAGE analysis top panel; quantitative RT-PCR bottom panel). (B) C-fos
expression in the SRC tumors (SAGE analysis top panel; quantitative RT-
PCR bottom panel). Similar expression patterns were observed in both the
SAGE and RT-PCR analysis. Note the increased expression of thymosin-4
and c-fos in the tibia and lung SRC tumors. The bars in the RT-PCR graph
represent the average expression ratio calculated on RNA that was collected
from pooled tumor tissue. For RT-PCR at each transplantation site, tissue was
pooled from at least 10 separate tumors. SAGE data was normalized to
100,000 tags/library for analysis. For the SAGE data, “*” indicates
expression levels that are significantly different than the “Subcutaneous SRC
tumor” sample (z>1.96).
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Figure 10. Thymosin-B4 and c-fos overexpression in the SRC cells and histology
following subcutaneous transplantation. (A) Confirmation of Thymosin-4
and c-fos overexpression in the SRC cell line using real time quantitative-
PCR. Expression of the transgene construct was detected in all cell lines that
were transduced with the viral vector (SRC cell line-no insert vector, SRC c-
fos cell line, and SRC Thymosin-f4cell line). No expression of the transgene
construct was detected in the un-transduced SRC cell line (SRC cell line).

The expression of the exogenous genes were detected with PCR primers
specific for a sequence that is present in all of the expression constructs (see
Material and methods). (B) Photomicroscopy of histological sections
obtained from SRC tumors (20x magnification). Tumors induced from
control cells (SRC cells expressing the empty viral vector), and from SRC
cells overexpressing either Thymosin-f4 (Thymosin-B4 tumor) or c-fos (C-fos
tumor). Approximately 30 days following tumor induction animals were
sacrificed and tumors were removed for histology. Sections representative of
each tumor are shown. All tumors were classified as histologic grade I1
chondrosarcomas. The SRC cells are stained with Safranin O (red).
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Figure 11. Tumor weight following induction of subcutaneous tumors with SRC cells
overexpressing either thymosin-4 or c-fos. Control tumors were initiated
with SRC cells that express the MSCV viral vector with no insert (pMSCV-I-
Hyrgo vector). C-fos tumors were initiated with SRC cells that overexpress c-
fos (MSCV-cfos-I-Puro). Thymosin-34 tumors were initiated with SRC cells
that overexpress thymosin-f4 (MSCV-Thyp4-1-Puro). Overexpression of c-
fos resulted in the formation of tumors that were significantly smaller than
control tumors. The bar represents the average invasion indices of biologic
replicates, and the error bars represent the standard deviation of the biologic
replicates. n=10 for control tumors and c-fos tumors. n=9 for thymosin-4
tumors (one animal died prematurely and was found to have multiple
chondrosarcoma lung metastases). See Table 4 for individual tumor weights.
“*> Indicates that the tumor weight is significantly different than the tumor
weight of the control tumors (p-value <0.05 considered significant).
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Figure 12. CTGEF treatment decreases the invasiveness of SRC cells. Invasiveness was
measured in control SRC cells (SRC Control) and in SRC cells treated with
CTGF (50, 100, and 250ng/mL) at the start of the invasion assay. Twenty-
four hours later, the invasiveness was calculated for all samples and the results
are displayed as experimental sample compared to the untreated control SRC
cells (100% invasion). The bar represents the average invasion indices of
biologic replicates, and the error bars represent the standard deviation of 3
biologic replicates. *’ Indicates values that are significantly different than the
“SRC Control” sample (p<.05).
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CHAPTER III
GLOBAL DEMETHYLATION OF RAT
CHONDROSARCOMA CELLS AFTER TREATMENT
WITH 5-AZA-2’-DEOXYCYTIDINE RESULTS IN
INCREASED TUMORIGENICITY
Introduction
Aberrant DNA methylation is thought to play an integral role in the complex
process of tumorigenesis (Brena and Costello 2007). Abnormal hypermethylation may
result in the silencing of genes that are members of pathways ranging from cell division

to tumor suppression. Reintroducing the expression of abnormally silenced genes may

restore control of these various signaling and regulatory pathways.

5-Aza-2-deoxycytidine

Current epigenetic therapies are aimed at bringing on hypomethylation with the
goal of reverting hypermethylation-induced gene silencing (Mund et al. 2006). One such
therapeutic agent is 5-Aza-2-deoxycytidine, which is a deoxycytidine analog that
becomes incorporated into DNA and inhibits the activity of DNA methyltransferases
(Chen et al. 1991; Santi et al. 1984). The incorporation of 5-Aza-2-deoxycytidine and
subsequent inhibition of DNA methyltransferases results in reduced levels of DNA
methylation (Mund et al. 2005; Yang et al. 2006). 5-Aza-2-deoxycytidine has been
shown to have clinical benefits in the treatment of myelodysplastic syndrome and it has
also been shown to be effective in the treatment of other myeloid malignancies (Issa et al.
2004).

Despite the potential benefits of 5-aza-2-deoxycytidine, the complete
ramifications of treating tumor cells with a global DNA hypomethylating agent are
unknown. The phenomenon of global DNA hypomethylation has been observed in
several types of cancer (Hoffmann and Schulz 2005), and DNA hypomethylation has

also been associated with tumor aggressiveness (Fraga et al. 2004). Evidence also



50

suggests that DNA hypomethylation may play a causal role in tumorigenesis(Eden et al.

2003; Gaudet et al. 2003).

Induction of DNA hypomethylation in a rat model for
human chondrosarcoma

To study the impact of global DNA hypomethylation on the behavior of tumor
cells we treated swarm rat chondrosarcoma (SRC) cells with 5-aza-2-deoxycytidine and
monitored its effect both in vitro and in vivo. We selected the SRC tumor model based on
its extensive characterization and the ability of the SRC cells to be grown and studied
both in vitro and in vivo (Choi et al. 1971; King and Kimura 2003; Maibenco et al. 1967;
Morcuende et al. 2002; Stevens et al. 2005).

5-Aza-2-deoxycytidine treatment of SRC cells

SRC cells were treated in vitro with a low dose of 5-Aza-2-deoxycytidine for 30
days to induce genome-wide hypomethylation and their level of methylation was
assessed using rat specific pyrosequencing assays. Treatment with 5-Aza-2-
deoxycytidine led to demethylation of both LINE and microsatellite regions throughout
the genome. The effects of long-term exposure to epigenetic agents are not completely
known, and a potential concern is that such treatment may lead to the expression of genes
that are normally epigenetically silenced. In addition, it may cause illegitimate
transcription events (Costa et al. 2006; Stresemann and Lyko 2008). Indeed, invasion
assays performed with treated and untreated SRC cells indicated that loss of methylation
is accompanied by an increase in invasiveness. Furthermore, microarray analysis
revealed that 5-Aza-2-deoxycytidine treatment leads to alterations in expression of

several developmentally regulated genes.

Midkine and sox-2

Based on their differential expression in the microarray analyses, two of these

genes, midkine and sox-2, were selected for additional expression and epigenetic
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analyses. Midkine, a growth factor (Kadomatsu and Muramatsu 2004), and sox-2, a
pluripotent transcription factor (Niwa 2007), are expressed at higher levels following 5-
Aza-2-deoxycytidine treatment. Treatment with 5-Aza-2-deoxycytidine leads to loss of
methylation in the promoter regions of both midkine and sox-2 genes, thus suggesting

that methylation may play a role in the transcriptional regulation of these genes.

Effect of DNA hypomethylation in tumorigenesis

Since 5-Aza-2-deoxycytidine-induced hypomethylation resulted in several
phenotypic changes in the SRC cells in vitro, we wanted to determine if the treatment
would affect cell growth in vivo. Following subcutaneous transplantation, the 5-Aza-2-
deoxycytidine treated SRC cells formed larger tumors than the corresponding untreated
SRC cells. Methylation and expression analyses of the in vivo SRC cells revealed that
the effect of 5-Aza-2-deoxycytidine could be observed for at least 60 days following
treatment discontinuation.

Altogether the in vivo and in vitro results suggest that induction of genome-wide
hypomethylation by 5-Aza-2-deoxycytidine results in an increase in the tumorigenicity of
the SRC cells. The SRC experiments also highlight the importance that epigenetic
modifications may have in cancer and suggest that DNA hypomethylation may have a

functional role in tumor progression.

Materials and methods

Establishment of a bioluminescent rat chondrosarcoma cell
line

A Murine Stem Cell Virus-Luciferase-Internal ribosomal entry site-Hygromycin
(MSCV-Luc-I-Hygro) retroviral vector was prepared by transfecting 293T cells with
three plasmids; pMSCV-Luc-I-Hyrgo (which encodes the Luciferase and hygromycin
phosphotransferase), pEQ-Pam3(-E) (which encodes retroviral gag and pol) and pSRa-G

(which encodes glycoprotein G from Vesicular Stomatitis Virus) (Rose and Gallione
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1981). Forty-eight hours post-transfection media containing retroviral vector was
collected, aliquoted, frozen, and stored at -80°C. This vector was then used to transduce
the Swarm rat chondrosarcoma cell line (SRC-LTC (Long Term Culture) (King and
Kimura 2003), [obtained from Jeff W. Stevens, University of lowa]), in the presence of
Sug/ml polybrene on three successive days allowing the cells to recover in the media
generally used overnight (Figure 13). Transduced cells were selected by incubation with
hygromycin B (Sigma-Aldrich, St. Louis, MO) at a concentration of 500ug/ml for 14
days. Once the hygromycin resistant population was established, the cells were
maintained in media containing 500pug/ml of hygromycin B. The newly established rat

chondrosarcoma cell line was named SRC-MSCV3-LTC.

Cell culture conditions and 5-Aza-2-deoxycytidine
treatment

SRC-MSCV3-LTC cells were cultured in DMEM high glucose (4.5g glucose/ml)
supplemented with 10% FBS and Penicillin/Streptomycin. Cells were plated at 2.5.x10*
cells with 6ml of media in a 25 cm® T flask. Cells were grown until they became 80-90%
confluent (6 days), and at this time the cells were trypsinized/split and plated as
described. For the 5-Aza-2-deoxycytidine treatment, the media was supplemented with
0.1uM 5-Aza-2-deoxycytidine on the day that the cells were passaged. Cell viability was
assessed 72 hours following (0, 0.1, and 1.0uM) 5-Aza-2-deoxycytidine treatment (Figure
14). Viability was determined using the Guava EasyCyte Mini Flow Cytometry System,
and the Guava ViaCount Reagent (Millipore; cat no. 4000-0040).

The Swarm rat chondrosarcoma line SRC-MSCV3-LTC, was treated with 0.1uM
5-Aza-2-deoxycytidine for 5 passages (30 days). Control cells were grown for 5 passages
without 5-Aza-2-deoxycytidine. After 5 passages, cells were either frozen for subsequent
DNA and RNA analysis, or they were passaged for five additional passages (30 days)

without any drug treatment after which they were frozen for future analysis.
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For in vivo experiments, cells were grown in vitro for 5 passages with or without
5-Aza-2-deoxycytidine. For the treated cells, the 5-Aza-2-deoxycytidine treatment was
removed on the day of the injection and the cells did not receive further 5-Aza-2-

deoxycytidine treatment.

Tumor inductions

Following growth for 5 passages, cells were injected subcutaneously into the
lower lumbar region of 4 week old nude mice (Males; Charles River, Strain code: 088).
The SRC cells were grown until they were 80% confluent, the cells were then washed
with PBS, and then cells were removed from the plate using TrypLE Express (GIBCO
cat#: 12605-010) according to manufactures instructions. Following removal of SRC
cells from plates, the cells were washed with PBS, centrifuged, and resuspended in PBS.
Either 1x10°, 5x10°, or 10x10° cells were injected subcutaneously. For each experiment
one animal was injected with untreated control SRC cells, and one animal was injected
with 5-Aza-2-deoxycytidine treated cells. The animals did not receive any dose of 5-
Aza-2-deoxycytidine.

Following the injection, the animals were monitored twice weekly for 60 days.
After 60 days the animals were euthanized by CO, gas inhalation followed by cervical
dislocation. Immediately following euthanization, tumors and other tissues were frozen in

liquid nitrogen or placed in paraformaldehyde for histology.

In vivo imaging
All in vivo imaging was performed with the Xenogen IVIS 200 imaging system.
Ten minutes prior to imaging, D-luciferin (150mg/kg of body weight) was injected into
the intraperitoneal cavity of the mice. During the image acquisition animals were

anesthetized with isoflurane inhalation at 1 to 2%.
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Primer design and pyrosequencing

Rat genome sequence (rn4/ version 3.4, Nov. 2004) and the annotation for
repetitive elements were obtained from the UCSC Genome Database. Based on genomic
co-ordinates of LINE elements provided by the UCSC database, 899,092 LINE
sequences were extracted and subjected to in silico bisulfite treatment. 8,460 L1 elements
with length over 6000bp were identified and used for alignment to generate LINE
nucleotide base matrix. A region within L1 elements with dense CpG dinucleotides was
selected for PCR primer design. An electronic PCR was performed with the novel
primers designed for rat LINEs. 827 LINE elements in the rat genome would be targeted
in PCR reactions with the primer set designed. With two sequencing primers, a total
number of 7 CpG dinucleotides were sequenced for each LINE element targeted. The
global methylation data generated was derived from a minimum number of 5,700 CpG
dinucleotides in LINE elements. A similar approach was taken to design novel primers
for rat satellite repeats. Primers targeting a minimum number of 137 distinct Satellite I
elements and five distinct Satellite II elements were designed. For each Satellite element
targeted, the methylation profiles were determined for three CpG dinucleotides. Primer
sequence and reaction conditions are available in Table 5.

The pyrosequencing analysis for midkine promoter was carried out using the

following primers: MDK-2-c-F1: biotin/ GTTAAGGTTTTTTTTGTTTTTAGAAT;
MDK-2-c-F1: TAAATAACACAAACACAAAAAATCC; (Sequencing primer) MDK-2-
c-S1: ACAAACACAAAAATCCC. The pyrosequencing analysis for sox-2 promoter was
carried out using the following primers: Sox 2 CpG47-3-F1: ttgtgttaattagtaggggtaatg;
Sox 2 CpG47-3-R1: biotin/CAACTTCCTAACATCCCA; (Sequencing primer)

Sox 2 CpG47-3-S1: TGTGTTAATTAGTAGGGGTA. Five CpG sites were examined
with the midkine promoter primers. Eight CpG sites were examined with the sox-2

promoter primers.
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Microarray

Microarray analysis was used to examine the gene expression profiles of the SRC
cells (+) or (-)5-Aza-2-deoxycytidine treatment. Microarray was carried out using the
NimbleGen microarray service. The Rattus norvegicus 1-plex array (14 probes/target;
26739 genes; cat#: A6184-00-01) was used for each hybridization. Two hybridizations
were performed on 5-Aza-2-deoxycytidine treated SRC cells and three hybridizations
were performed on untreated control SRC cells. Data were processed and displayed
using Genespring software (Agilent Technologies). Genespring was used to identify
differentially expressed genes that had a 5-fold difference between the 5-Aza-2-
deoxycytidine treated samples and the untreated control samples. Additionally,
Genespring was used to create a gene tree (Pearson coefficient) to graphically represent
the data.

The list of differentially expressed genes was analyzed using a pathway-mapping
program (Ingenuity Pathway Analysis version 7.0). Ingenuity was used to sort the list of
differentially expressed genes (977genes) based on their role in cellular function and
disease. Ingenuity identified 135 cancer related genes. For the heat map, the cancer gene
list was further filtered by requiring a minimum expression level of at least 1,000 relative
fluorescence units in at least 2 different hybridizations.

Genespring was used for hierarchical clustering, to create a gene tree (Pearson
coefficient; centroid linkage culstering), and to generate the heat map used to graphically
represent the data.

The list of genes with a 5-fold difference (977genes) was also analyzed using
GeneGo to identify pathways that were altered following 5-Aza-2-deoxycytidine
treatment.

All presented microarray data is MIAME compliant. The raw microarray data has
been deposited in a MIAME compliant database. The microarray data has been deposited

at GEO (GEO accession number: GSE17598).



56

Real-Time quantitative PCR

Total RNA was isolated using Trizol; RNA was treated with TURBO DNA-free
(Ambion Cat# AM1907). Total RNA (1ug) was used to make cDNA with the iScript
cDNA Synthesis kit (BioRad). Rat Midkine real time PCR was performed with the iQ
SYBR Green Supermix (BioRad), and midkine rat specific primers (Forward:
CCCAAGATGTAACCCACCAG; Reverse: GCTCACTTCCCAGAATCCC). For SYBR
green PCR’s, 18S-RNA was used as a reference gene(Zhu and Altmann 2005) (Forward:
GGGAGGTAGTGACGAAAAATAACAAT,; Reverse: TTGCCCTCCAATGGATCCT).

Rat sox-2 real time PCR was performed with 1Q Supermix (Biorad) using Roche
universal probe #119 (cat. no. 04693531001) and rat specific primers(forward:
ATTACCCGCAGCAAAATGAC and Reverse: TTTTTGCGTTAATTTGGATGG). For
PCR’s with the Roche probes 18S-RNA was used as a reference gene (Probe #22 (cat.
no. 04686969001 with primers: Forward: GGTGCATGGCCGTTCTTA; Reverse:
TCGTTCGTTATCGGAATTAACC).

The Pfaffl method was used to calculate the normalized gene expression (Pfaffl
2001). For each real time PCR analysis the individual sample being examined was used
as the test sample in the Pfaffl method. The calibrator sample, for the Pfaffl method, was
an equal mixture of cDNA from SRC control cells and 5-Aza-2-deoxycytidine SRC cells.
All real time qPCR results are displayed as a ratio of the target gene relative to the
reference gene, in a specific test sample, compared to the expression of the target gene

relative to the reference gene in the calibrator sample.

CpG island identification
CpG islands in were located by searching the midkine and sox-2 genes in BLAT
(Kent et al. 2002). Each CpG island was more closely examined using “CpG Island
Searcher” (Takai and Jones 2003) and each island was classified as either a high-CpG
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promoter, an intermediate CpG promoter, or as a low-CpG promoter as previously

described (Weber et al. 2007).

Analysis of DNA methylation by sequencing of sodium
bisulfite-treated DNA

Genomic DNA was obtained by digestion with proteinase K (Quiagen) followed by
phenol/chloroform extraction, and was subjected to sodium bisulfite treatment to modify
unmethylated cytosine to uracil using the ‘CpGenome’™ DNA Modification Kit’
(Chemicon International, CA). Bisulfite-treated DNA was amplified by a nested-PCR
protocol using the primers described in Table 6. PCR was performed in a volume of 25
ul containing PCR Buffer (Qiagen); 1.5mM of MgCl2 (Qiagen); 200 uM of dNTPs
(Invitrogen); 0.32 uM of each primer and 1U of Hot Start Taq Plus DNA Polymerase
(Qiagen). The PCR conditions were: 94°C for 10 min, 94°C for 3 min, 48°C for 3 min,
72°C for 2 min, one cycle; 94°C for 3 min, 50°C for 3 min, 72°C for 2 min, five cycles;
and 94°C for 1 min, 52°C for 1 min, 72°C for 1 min, 35 cycles for the first reaction and
the same annealing temperatures (48°, 50° and 52°C) for the nested reaction. Amplified
products were purified using the Gel Purification Kit (Qiagen) and were ligated to a
vector using the TOPO TA Cloning Kit (Invitrogen). Twenty-four positive clones were
sequenced for each sample using the vector’s forward and reverse primers. DNA
sequencing reactions were performed using the ‘DNA dRhodamine Terminator Cycle
Sequencing Ready reaction’ kit (Applied Biosystems) and an ABI3730xI sequencer

(Applied Biosystems) according to the manufacturer’s instructions.

Invasion assay
A Membrane Invasion Culture System (MICS) was used to measure the in vitro
invasiveness of all SRC cell lines as previously described (Hendrix et al. 1987). Briefly,
a polycarbonate membrane with 10-um pores was uniformly coated with a defined

matrix. Both upper and lower wells of the chamber were filled with RPMI. SRC cells
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were seeded into upper wells at a concentration of 5x10° cells per well. After a 24-hour
incubation in a humidified incubator at 37°C with 5% CO,, cells that had invaded
through the basement membrane were collected, stained, and counted by light

microscopy (Sood et al. 2004).

Statistical analysis

Analysis of Variance (ANOVA) or two-sample t-test was used to analyze changes
of DNA methylation level among different treatment conditions for Linel-S1, Linel-S2,
Satellites 1 and 2, respectively. Tukey’s method or Dunnett method was used to adjust p-
values due to multiple comparisons in ANOVA analysis.

A linear regression method was applied to analyze tumor weight between two
tumor groups (SRC Control and SRC 5AZA) after adjusting for the number of cells
injected. Tumor weight and number of cells were transformed using the logarithm so that
data distribution was appropriate for the analysis methods used.

We used 0.05 as the significance level for comparisons. SAS 9.1 and R software

was used for data analysis and graphing.

Ethics statement
All animals were handled in strict accordance with good animal practice as
defined by the relevant national and/or local animal welfare bodies, and all animal work
was approved by the Institutional Animal Care and Use Committee (Children’s Memorial

Research Center; protocol IACUC #2006-30).

Results

5-Aza-2-deoxycytidine induces hypomethylation of LINE1
and Satellites 1 and 2

Methylation levels of cytosines in CpG dinucleotides of repetitive elements has

been used as a surrogate marker for genome-wide methylation (Yang et al. 2004),in this
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study, LINE (Long Interspersed Element) 1 and Satellites 1 and 2 were selected as
surrogate methylation markers. Rat specific pyrosequencing assays were designed to
examine methylation levels of these repetitive sequences throughout the genome. The
pyrosequencing assays were used to determine the methylation levels in untreated cells,
in cells treated with a low dose of 5-Aza-2-deoxycytidine, and in cells that were treated
with 5-Aza-2-deoxycytidine followed by an additional recovery period without the drug
(30 days).

The level of DNA methylation in LINE, Satellite 1 and Satellite 2 regions of SRC
cells decreases following 5-Aza-2-deoxycytidine treatment (Figure 15). The SRC cells
were grown for 30 additional days after removal of 5-Aza-2-deoxycytidine. Following
withdrawal of the drug, methylation was restored to levels that were indistinguishable
from those of control cells based on the LINE1 and Satellite 2 assays (Figure 15).
Methylation was partially restored for Satellite 1, but it did not completely regain the
level that was observed in control cells. This result suggests that the demethylating
effects of 5-Aza-2-deoxycytidine treatment may persist after five additional passages (30

days) without the drug.

Invasion Assay
The invasiveness of the SRC cells increased 40% following 5-Aza-2-
deoxycytidine treatment (Figure 16). Thirty days post-removal of treatment, the invasive
activity dropped to a level that was indistinguishable from that of control cells. The
invasion assays demonstrated that 5-Aza-2-deoxycytidine-induced DNA
hypomethylation leads to an increase in the in vitro invasiveness of SRC cells, and that
following withdrawal of the drug, the invasive activity of the SRC cells returns to the

levels observed for control cells.
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Microarray analysis

Based on the invasion assays it was hypothesized that the 5-Aza-2-deoxycytidine
may alter gene expression of the SRC cells. Microarray analysis was carried out to
identify changes in gene expression in untreated and in treated cells. The expression level
of several genes increased after treatment with 5-Aza-2-deoxycytidine (Figure 17). Data
analysis revealed that 977 genes (603 genes upregulated and 374 downregulated)
exhibited a 5-fold expression difference in the untreated and treated SRC cells (see
Appendix D for gene list). The pathway-mapping program, Ingenuity, was used to
analyze the group of genes with a 5-fold difference in expression. Ingenuity revealed that
the differentially expressed genes might play a role in several cancer-relevant pathways
(Table 7). The top pathway, Cancer (135 genes), was selected for further analysis. A
subset of the cancer related genes with a 5-fold difference are shown in a heat map
(Figure 17). As illustrated by the heat map, 5-Aza-2-deoxycytidine treatment can lead to
the alterations in the expression of genes that may play a role in different aspects of
cancer, ranging from cell growth and proliferation, to cell cycle control, and to cell death.

One potential explanation of the microarray results is that 5-Aza-2-deoxycytidine
treatment results in the derepression of genes that were epigenetically silenced. As a
result, we may observe an increase or a decrease in expression (e.g. derepression of a
negative regulator). To examine this possibility, expression and methylation analyses
were performed on two of the cancer related genes (midkine: Figure 18 and 19; sox-2:
Figure 20 and 21). The genes, midkine and sox-2, were selected on the basis of their
differential expression compared to control cells, and because they have CpG islands in
their promoter regions (we have previously demonstrated that both sox-2 and midkine are
not expressed in the control tissue, normal rat articular cartilage, data not shown; GEO:
GSM25926). Midkine and sox-2 were also selected because they are developmentally
regulated genes, and studies have indicated that these genes may play functional roles in

stem cells (Park et al. 2008; Zou et al. 2006). Therefore, we wanted to determine if 5-
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Aza-2-deoxycytidine-induced DNA hypomethylation could lead to the expression of

stem cell related genes in the SRC cells.

Midkine and sox-2

The increase in expression of midkine (Figure 18) and sox-2 (Figure 20),
following exposure to 5-Aza-2-deoxycytidine, was confirmed by real-time quantitative
RT-PCR. The expression of each midkine and sox-2 decreased to a level that is slightly
higher than that of control cells thirty days following discontinuation of 5-Aza-2-
deoxycytidine treatment. These data suggest that midkine and sox-2 expression increases
as a result of exposure to 5-Aza-2-deoxycytidine, and that 30 days after discontinuation
of 5-Aza-2-deoxycytidine in vitro, the expression of these genes begins to decrease.
Although their expression level decreases, both midkine and sox-2 are expressed at levels
that are higher than those observed in untreated control cells (Figures 19 and 20). This
suggests that SRC cells may continue to express midkine and sox-2 at high levels for at
least 30 days following removal of 5-Aza-2-deoxycytidine.

Both midkine and sox-2 contain CpG islands at their transcription start sites. The
CpG islands in the promoters of midkine and sox-2 can be classified as intermediate CpG
islands, which is relevant because the activity of promoters containing intermediate CpG
islands correlates negatively with their methylation status (Weber et al. 2007).
Additionally, intermediate CpG islands may be preferential targets for de novo
methylation in somatic cells during development (Weber et al. 2007).

The methylation statuses of both midkine and sox-2 CpG islands were examined
using bisulfite sequencing (Figures 19 and 21) and pyrosequencing (Figure 22). Two
CpG islands were identified in the rat midkine gene. One CpG island encompasses the
midkine transcriptional start site and the other is slightly downstream from it (Figure 19).
Both midkine CpG islands were heavily methylated in untreated SRC cells, and they

became hypomethylated in 5-Aza-2-deoxycytidine treated cells (Figure 19).
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Two CpG islands were also examined for sox-2 (Figure 21). The CpG island
encompassing the sox-2 transcriptional start site (CpG 154) was not methylated in either
control or treated cells (Figure 21B). However, a CpG island (CpG 47) located less than
1kb upstream of the sox-2 transcriptional start site was methylated in untreated SRC
cells. Following 5-Aza-2-deoxycytidine, this CpG island became hypomethylated
(Figure 21A).

These results suggest that 5-Aza-2-deoxycytidine treatment can lead to the
demethylation of CpG islands at or near the transcriptional start site of midkine (Figures
19) and sox-2 genes (Figure 21). The decrease in CpG island methylation was
accompanied by an increase in the expression of sox-2 and midkine (Figures 18 and 20),
consistent with the hypothesis that methylation may play a role in the regulation of these

genes.

In vivo tumor formation

SRC cells were transplanted into nude mice to test tumorigenicity following 5-
Aza-2-deoxycytidine-induced DNA hypomethylation. The SRC cell line used for all
aforementioned experiments stably expresses luciferase, which enables tumor growth to
be examined in vivo. SRC cells treated with 5-Aza-2-deoxycytidine produced larger
tumors than those induced with control SRC cells (Figure 23 and 24, and Table 8).

Subcutaneous tumors were induced with 1x106, 5x106, 7X106, or 10x10° cells. In
preparation for injections, SRC cells were treated in vitro for 30 days with 5-Aza-2-
deoxycytidine, after which the treatment was stopped and the cells were transplanted into
nude mice. Control tumors were induced with untreated SRC cells. Tumors were
resected sixty days after transplantation. As it has been documented with human
chondrosarcoma (Soderstrom et al. 2001a; Soderstrom et al. 2001b), the SRC cells
produced tumors with varying degrees of heterogeneity (Figure 24A and 24B). Albeit

relevant, histological grading is not predictive of outcome (Aigner 2002), and no markers
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of prognostic value have been identified to date for human chondrosarcoma (Lee et al.
1999). Hence, we examined another characteristic of the tumor, tumor weight, which
demonstrated that 5-Aza-2-deoxycytidine treated cells produced larger tumors than those
derived from untreated cells (Figure 24 and Table 8).

Histological analysis detected the presence of SRC cells in the lungs of mice
injected with control cells and in the lungs of mice injected with 5-Aza-2-deoxycytidine
treated cells (Table 8). However, it should be noted that SRC cells were detected
macroscopically in the lungs of mice injected with 5-Aza-2-deoxycytidine-treated cells (3
out of 9 mice; Figure 26). SRC cells could not be detected macroscopically in the lungs
of mice injected with untreated control cells. These results indicated that 5-Aza-2-
deoxycytidine-treated SRC cells may grow more aggressively than untreated SRC cells in
the lung of subcutaneously injected mice.

Taken together, the in vivo analyses demonstrated that DNA hypomethylation,
induced by 5-Aza-2-deoxycytidine, led to the formation of more aggressive tumors than
the tumors formed from untreated control SRC cells both locally, at the site of injection,

and distantly, in the lungs.

Methylation of SRC cells in vivo

The tumors derived from untreated SRC cells were methylated to a greater extent
than the tumors derived from 5-Aza-2-deoxycytidine treated cells (Figures 27). In vivo
the 5-Aza-2-deoxycytidine treated cells were injected and allowed to grow in vivo
without treatment for 60 days. After 60 days of growth in vivo, tumors derived from 5-
Aza-2-deoxycytidine-treated SRC cells exhibited a significantly lower level of
methylation (Figure 27; LINE-1, LINE1-S2, Satellite 1, and Satellite 2) than that of the
tumors derived from untreated control cells. This result is of note since in vitro the SRC
cells were treated for 30 days and subsequently grown in vitro for 30 days without

treatment, but these cells did reestablish methylation levels that were similar to control
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cells (Figure 15; LINE-1, LINE1-S2, and Satellite2). These results suggest that 5-Aza-2-
deoxycytidine treated SRC cells more efficiently reestablish hypermethylation in vitro

than in vivo.

Discussion

Aberrant DNA hypermethylation has been observed in a variety of cancers
including chondrosarcoma (Asp et al. 2001; Asp et al. 2000; Ropke et al. 2003). 5-Aza-
2-deoxycytidine treatment is thought to lead to the reactivation of aberrantly
hypermethylated genes (Karpf and Jones 2002), and treatment of leukemias with 5-Aza-
2-deoxycytidine has been shown to have clinical benefits (Issa et al. 2004). However,
genome-wide hypomethylation has also been observed in several types of cancer
(Hoffmann and Schulz 2005), and it has been suggested that DNA hypomethylation may
play a role in tumorigenesis(Eden et al. 2003; Gaudet et al. 2003). Although 5-Aza-2-
deoxycytidine does have clinical benefits, one potential concern with a drug that induces
DNA hypomethylation is the possibility that, in addition to reintroducing the expression
of abnormally silenced genes, it may also lead to the expression of genes that are
normally epigenetically silenced or it may lead to an increase of illegitimate transcription
events (Stresemann and Lyko 2008). Genome-wide derepression of transcription of
genes that are normally epigenetically silenced is likely to have a dramatic impact in
cancer cells that already possess abnormal genetic, epigenetic, or gene expression
profiles.

In this study, we examined the effect of 5-Aza-2-deoxycytidine-induced
genome-wide hypomethylation on SRC cells in vitro and in vivo, using pyrosequencing
assays. As expected, treatment with 5-Aza-2-deoxycytidine led to a decrease in the
global methylation levels of SRC cells. This decrease in methylation was accompanied

by an increase in the invasiveness of the SRC cells in vitro. Subsequent global gene
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expression analysis revealed that 5-Aza-2-deoxycytidine treatment leads to (abnormal)
expression of several cancer related genes.

More detailed analysis of two of the cancer related genes, sox-2 and midkine,
confirmed that their expression levels increased following 5-Aza-2-deoxycytidine
treatment. Methylation analysis of CpG islands at their transcription start site revealed
that these genes were methylated in control cells and that they lost methylation after
treatment with 5-Aza-2-deoxycytidine. This result suggests that loss of methylation may
play a role in the activation of both sox-2 and midkine in 5-Aza-2-deoxycytidine-treated
SRC cells.

Analysis of the sox-2 CpG island revealed that the 5° end of the island is heavily
methylated in control and treated SRC cells but the 3’ end of the island is unmethylated.
This finding is noteworthy because the pattern of DNA methyltion changes from 90%
methylated to less than 10% DNA methylated in a distance that is shorter than 50 base
pairs (Figure 21 A and B). The abrupt change in DNA methyation may be explained by
observations made in a homologous region of the sox-2 promoter in the human gene.
The CpG island, examined in Figure 21, shares 90% sequence similarity with the human
sox-2 promoter region. Interestingly the sox-2 promoter region in humans has been
shown by chromatin immunoprecipitation (CHiP) assays to contain a CTCF (CCCTC-
binding factor) binding site 500bp upstream from the sox-2 promoter CpG island
(Rosenbloom et al. 2009). CTCF has previously been shown to act as an insulator that is
capable of blocking enhancer activity and spread of heterochromatin (Bell et al. 1999;
Cho et al. 2005). CTCF may act as an insulator in the sox-2 promoter whereby it
prevents the downstream spread of heterochomatin to the sox-2 promoter. The
methylation pattern that is observed in the sox-2 promoter in SRC control cells may
indicative of a change in the DNA from a condensed state that is characteristic of
heterochromatin to a less-condensed state that is characteristic of euchromatin, and

CTCF may act as an insulator between these two epigenetic states.
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It is noteworthy that sox-2 and midkine contain “intermediate-type” CpG islands
(Weber et al. 2007). Transcriptional activity of genes with such type of CpG islands is
known to correlate negatively with their level of methylation (Weber et al. 2007). The
expression of these genes may, at least in part, explain the increase in invasiveness
following 5-Aza-2-deoxycytidine treatment, as both sox-2 and midkine may play roles in
tumor progression (Kato et al. 2000; Sanada et al. 2006; Tanabe et al. 2008).

Sox-2 and midkine may also have a function in stem cells. Midkine is involved in
the growth of neuronal stem cells (Zou et al. 2006), and the expression of sox-2 has been
shown to be an important factor for restoring somatic cells to a pluripotent state (Park et
al. 2008). An intriguing possibility is that 5-Aza-2-deoxycytidine may induce the
expression of genes or networks that allow the cells to acquire stem cell-like properties.
Pathway analysis of the differentially expressed genes led to the identification of a
network of stem cell related genes that became upregulated following 5-Aza-2-
deoxycytidine treatment (Figure 27). Based on the network, sox-2 plays a role in the
regulation of Dppa5 (Tanaka et al. 2002), Alpha crystallin B (Ijichi et al. 2004) and P-
cadherin (Boyer et al. 2005), and this is consistent with the microarray data (see Figure
17 and Appendix E). Although products of these genes may have functions in stem cells,
their role in the SRC cells is not known. It is important to note that these genes may have
additional cellular functions. For example, besides their putative roles in stem cells,
midkine and Alpha crystallin B may also play a role in drug resistance (Ivanov et al.
2008; Mirkin et al. 2005). These examples demonstrate the complex nature of gene
expression changes that occur following 5-Aza-2-deoxycytidine treatment.

A number of genes are also downregulated following 5-Aza-2-deoxycytidine
treatment. Among these are genes with diverse cellular functions (see Figure 17 and
Appendix E). One potential explanation for this observation is that 5-Aza-2-
deoxycytidine treatment may lead to the activation of genes that negatively regulate other

genes. These negative regulators may include protein-coding genes, as well as
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microRNA genes that could negatively regulate gene expression (Lujambio et al. 2008).
Another intriguing possibility is that 5-Aza-2-deoxycytidine treatment might lead to the
expression of other noncoding antisense RNAs that could in turn negatively regulate gene
expression (Cayre et al. 2003; Costa 2008; Stuart et al. 2000; Tufarelli et al. 2003).

5-Aza-2-deoxycytidine-induced changes in gene expression had a significant
impact on the phenotype of the SRC cells as tumors derived from 5-Aza-2-deoxycytidine
treated cells produced larger tumors than tumors derived from untreated cells (Figure 23
and 24). Tumors derived from 5-Aza-2-deoxycytidine treated cells had a lower level of
methylation (60 days after tumor induction) than those derived from control untreated
cells (Figure 27) This is a notable observation because in vitro, 30 days following 5-Aza-
2-deoxycytidine removal, the SRC cells had reestablished a methylation level that was
similar to that of control cells (Figure 15). It is possible that the in vivo microenvironment
may provide more favorable growth conditions that would allow selection and/or
propagation of hypomethylated cells. In vitro cells do not encounter the same selective
pressure as in vivo cells do, and this difference in selective pressure may provide an
explanation as to why the tumor cells maintain a lower level of methylation.

While it can be speculated that the microenvironment may exert some selective
pressure on the SRC cells in vivo, the possibility cannot be ruled out that the in vitro cells
may have a faster doubling time than that of the cells in vivo. The faster doubling time
would presumably allow the in vitro cells to more quickly regain DNA methylation,
whereas the cells in vivo may have a slower doubling time and therefore would require
more time for the cells to reestablish the same methylation level that was observed in
vitro.

It is important to note that 5-Aza-2-deoxycytidine is not currently used for the
treatment of human chondrosarcoma, and the treatment schedule presented in this paper
was designed for the treatment of cells in vitro and therefore it does not match a standard

clinical treatment regimen. Consequently, the results obtained with 5-Aza-2-



68

deoxycytidine may be specific for the SRC cell line and the conditions of the experiment.
It should be noted that in our studies, the SRC cell line was treated with 5-Aza-2-
deoxycytidine in vitro. This treatment was removed and the cells were transplanted in
vivo. In vivo, the animals did not receive any 5-Aza-2-deoxycytidine. This is in contrast
to other 5-Aza-2-deoxycytidine studies where a tumor xenograft was induced, and then
the animal was treated with 5-Aza-2-deoxycytidine (Morita et al. 2006). Treating the
animal with 5-Aza-2-deoxycytidine will result in changes in DNA methylation to both
the tumor cells and the surrounding host cells in the microenvironment. 5-Aza-2-
deoxycytidine-induced changes to host cells may influence the phenotype of the tumor
xenograft . Since our studies did not treat the animals, we do not know the impact that 5-
Aza-2-deoxycytidine might have on the cells of the host animal and what the subsequent
impact will be on the tumor xenografts. Future 5-Aza-2-deoxycytidine studies that
involve treatment of the SRC tumor xenografts in vivo will be more appropriate to
address the impact that 5-Aza-2-deoxycytidine has on the microenvironment of the host
cells and what impact this has on tumor progression. It should be emphasized, however,
that we chose to pre-treat the cells in vitro so that we could work with a single variable
and hence be able to associate loss of methylation with changes in behavior.

Despite the nontraditional use of 5-Aza-2-deoxycytidine, our results suggest that
genome-wide DNA hypomethylation, induced by 5-Aza-2-deoxycytidine, may actually
promote certain aspects of tumorigenesis in SRC cells. This observation may initially
seem counterintuitive based on the use of 5-Aza-2-deoxycytidine as a chemotherapeutic
agent, but previous studies have demonstrated that 5-Aza-2-deoxycytidine can be
mutagenic (Jackson-Grusby et al. 1997), and that DNA hypomethylation can promote the
formation of tumors (Eden et al. 2003; Gaudet et al. 2003). Recent studies have also
shown that chromatin modifying agents, including 5-Aza-2-deoxycytidine, are capable of
inducing pluripotency associated genes (Ruau et al. 2008) and it is possible to speculate

that the activation of pluripotency associated genes may have a substantial impact on
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tumor cells. However, further studies are needed to attain a greater understanding of the
effect that these epigenetic modifying drugs have on tumor cells. Finally, additional
studies are needed to investigate the specific mechanisms by which genome-wide loss of

methylation may promote tumorigenesis.



Table 5. Pyrosequencing primer design and PCR conditions.

70

. . .S i
PCR ) Annealing |PCR conditions (template| Sequenci equ.e neing
Name . PCR Primer sequence . . . Primer
Primer temperature amplification) ng primer
Sequence
rat . rLINE- |tagaattttttta
LINE(F ttggtgagttt tat 53.7C Step-1:95C 5
LINE1 r (F) ggtgagttigggata €p min seq-1 ogat
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rLINE(R) |aaatctaaaaacaaaaaactact| = ------- Step-2: 94C 15s ! ataggaag
seq-2 atatt
ac
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Satellite | rSatl(F) gagagtttgtgogtagta 54.9C Step-4: go to Step-2 49x [rSatl-seq & ggtiag
1
biotin-
rSatl(R) |aaaaattaatcttacctataatcc| — ------- step-5: 72C 60s
c
step-6: 4C o/n
rat tgtattgaagt
Satellite | rSat2(F) | gaattttggtgtaatgaagtt 54.9C rSat2-seq g8 tt;g &
2
.
rSat2(R) biotin- )
caacaaccaaaaaaacctac
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Table 6. Bisulfite treated DNA primer design.

Region

Primer'*

Primer Sequence

Midkine CpG 1

Midkine CpG 1 (15)-EF

AAGTTTTATTAAAGATATATTTTG

Midkine CpG 1 (15)-ER

CTACTACCACCAAAAAAAATAAAATAA

Midkine CpG 1 (15)-IF

ITTTTAAATTTTTTTTTTTAGTTGTAGG

Midkine CpG 1 (15)-IR

AATAATAACTTCAAATCCTCCC

Midkine CpG 2

Midkine CpG 2 (17)-EF

TTATTTTATTTTTTTTGGTGGTAG

Midkine CpG 2 (17)-ER

AAAATTTACCAAATTCAATTCTATATAC

Midkine CpG 2 (17)-IF

TTGGAGGGATAGGGGTTATAG

Midkine CpG 2 (17)-IR

AACTCTTAAACCTTCCTTATTC

Sox-2 CpG 154.1

Sox-2 CpG 154.1-EF

TAATTTTTGGTTTGTTTTGTGAG

Sox-2 CpG 154.1-ER

TAATTAATTTTTAAAAAAACTTAAACC

Sox-2 CpG 154.1-1F

ATAAGGTTGGAAGAGGGGTTG

Sox-2 CpG 154.1-IR

CTTCTTTCTCCCAACCCTAATC

Sox-2 CpG 47

Sox-2 CpG 47-EF

GGTTGATTTGGGGTAGATGAG

Sox-2 CpG 47-ER

CCAACCTTATTACCAACACCC

Sox-2 CpG 47-1F

GTTTTAATAAGAGAGTGGAAGG

Sox-2 CpG 47-IR

CAAAACAAACCAAAAATTAAACCC

" EF/R: external forward/reverse primer

? IF/R: internal forward/reverse primer



Table 7. Top pathways altered following 5-Aza-2-deoxycytidine treatment.
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Rank Function and Diseases p-value | #Molecules
1|Cancer 9.84E-06 135
2|Cellular Growth and Proliferation 9.84E-06 68
3|Gastrointestinal Disease 9.84E-06 14
4[Nervous System Development and Function 2.23E-05 28
5|Ophthalmic Disease 1.21E-04 11
6|Cellular Function and Maintenance 3.74E-04 17
7|Reproductive System Development and Function | 7.29E-04 11
8|Reproductive System Disease 7.40E-04 55
9|Cell Cycle 9.11E-04 20

10|Cell Death 1.16E-03 34

Note: The list of genes with a 5-fold difference (977 genes) in gene expression
between untreated SRC control cells and 5-Aza-2-deoxycytidine treated cells was
analyzed using Ingenuity Pathway Analysis software. The top 10 functions and
diseases are shown in the table. The function, its associated p-value, and the number
of molecules in the specific pathway are shown.




Table 8. In vivo: Subcutaneous transplantation of SRC tumor cells.

. Cells Lungs SRC Cells Tumor Surface
Experiment . . . .
Injected | evaluated [ detected in Lung | Weight | Radiance

la 1x106 No - 0.07¢g 1.70E+09
1b 1x106 No - 0.174g 4.19E+09
2a 1x106 Yes No NDTI 2.38E+04
2b 1x106 Yes No *2 2.12E+06
3a 5x106 No - 0.34¢ 3.76E+09
3b 5x106 Yes No 0.86¢g 1.00E+10
4a 5x106 No - 0.07¢g 4.11E+08
4b 5x106 Yes Yes 3.75g 2.14E+10
Sa 5x106 Yes Yes 0.53¢g 3.33E+09
Sb 5x106 Yes Yes 4.27¢g 9.84E+09
6a 5x106 Yes Yes 0.72¢g 1.23E+09
6b 5x106 Yes Yes 3.58¢g 3.38E+09
Ta 7x106 Yes No 2g** 9.78E+08
7b 7x106 Yes No 10.0g**’ 1.78E+09
8a 10x106 Yes No 0.38¢g 1.48E+09
8b 10x106 Yes Yes 1.71g 4.46E+09
9a 10x106  |Yes Yes 0.28¢g 6.95E+09
9b 10x106  |No - 1.60g 2.39E+10

I'NDT: No detectible tumor.

2 Tumor too small to weigh, but was detected with in vivo imaging.

3 Animals were allowed to grow for an additional 60 days post cell injection.
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Table 9. Upregulation of dppa$, cryaB, cdh3, and sox-2 following 5-aza-2-deoxycytidine

treatment.
SAZA SAZA SRC-No- | SRC-No- | SRC-No- o
Gene 6[1] 612] Treat-P6- | Treat-P6- | Treat-P6- | gene ID Description

P P [1] 2] [3]
Dppa5 594 1057 63 53 64| 301101|developmental pluripotency associated 5
CryaB 12897 13078 1465 3596 1378 25420|crystallin, alpha B
Cdh3 1128 1645 163 231 165 116777|cadherin 3, type 1, P-cadherin (placental)
Sox2 7700 7380 1000 630 1001 499593|SRY (sex determining region Y)-box 2

Note: Upregulation of Dppa$, CryaB, Cdh3, and Sox2 following 5-aza-2-
deoxycytidine treatment. Expression values extracted from normalized microarray

data.
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Figure 13. Expression of luciferase in a SRC cell line. SRC cells were transduced with a
retrovirus containing the MSCV-Luc-I-Hyrgo plasmid (see Materials and
methods). The number of transductions ranged from a single transduction to
four transductions. Multiple transductions were done on consecutive days.
Following antibiotic selection, the cell lines were tested for luciferase activity.
The cell line with the highest luciferase activity was selected for use in
subsequent experiments (SRC-LTC-MSCV3). The average luminescence
signal is listed above each bar on the graph (the average was calculated from
at least 5 biologic replicates).
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Figure 14. Percent viability of SRC cells following 72-hour incubation with 5-Aza-2-
deoxycytidine. Percent viability of SRC cells 72-hours following treatment
with 0, 0.1, 0.3, 1.0, 3.0, 10, 30,100, and 300uM 5-Aza-2-deoxycytidine.
Each point on the graph represents the average viability of three biologic
replicates, and the error bars represent the standard deviation of the biologic
replicates. “***” indicates a significant difference between a given sample
and the control sample (0.0uM: no treatment).
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Figure 15. Pyrosequencing of LINE and Satellite 1 and 2 in vitro. For each experiment
the methylation pattern was analyzed in SRC untreated control cells (SRC-
Control), SRC cells treated with 5-Aza-2-deoxycytidine for 5 passages (SRC
5AZA), and in SRC cells that were treated with 5-Aza-2-deoxycytidine for 5
passages and then allowed to grow for 5 additional passages without treatment
(SRC 5AZA-STOP). Pyrosequencing assay: LINE1-S1; [2481 CpG’s],
LINE1-S2; [3308 CpG’s]; Satellite I [15CpG’s], and Satellite I1 [411 CpG’s].
Treatment of MSCV3-LTC chondrosarcoma cells with 5-Aza-2-deoxycytidine
leads to demethylation that can be detected throughout the genome. Altered
DNA methylation patterns can be detected several weeks following removal
of 5-Aza-2-deoxycytidine treatment. Bars represent the average DNA
methylation % of biologic replicates, and error bars represent the standard
deviation of these replicates. ‘*’ Indicates values that are significantly
different than the “SRC Control” sample (p<.05).
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Figure 16. 5-Aza-2-deoxycytidine treatment increases the invasiveness of rat
chondrosarcoma cells. Invasiveness was measured in control SRC cells (SRC
Control), SRC cells that were treated for 5 passages with 5-Aza-2-
deoxycytidine (SRC 5SAZA), and SRC cells 5-with 5 passages Aza-2-
deoxycytidine and then grown for 5 additional passages without treatment
(5AZA-STOP). The invasiveness was calculated for all samples and the
results are displayed as experimental sample compared to the untreated
control SRC cells (100% invasion). The bar represents the average invasion
indices of biologic replicates, and the error bars represent the standard
deviation of the biologic replicates. ‘*’ Indicates values that are significantly
different than the “SRC Control” sample (p<.05).
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Figure 17. Heat map of differentially expressed genes between SRC cells treated 5-Aza-
2-deoxycytidine and untreated control SRC cells. Genes with at least a 5-fold
difference were selected for analysis using the pathway program Ingenuity.
Ingenuity revealed that, of the 977 differentially expressed genes (603 genes
upregulated and 374 downregulated), 135 were identified as cancer related. A
subset of these cancer related genes (see Materials and methods; see Appendix
E for complete gene list and expression values) was then used for hierarchical
clustering, and the results of that clustering are presented in this figure. Each
vertical column represents microarray hybridizations from separate individual
experiments. Microarray hybridizations were carried out on SRC cells treated
with 5-Aza-2-deoxycytidine for 5 passages (SRC-5-AZA-P6 [1] and [2]), and
microarray hybridizations were also carried out on SRC cells grown for 5
passages without 5-Aza-2-deoxycytidine treatment (SRC-No-Treat-P6 [1],
[2], and [3]). *’ Indicates midkine and ‘**’ indicates sox-2 in the heat map.
The color bar corresponds the to the expression level in relative fluorescent
units.
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Figure 18. Expression analysis of midkine. Quantitative real time PCR analysis of

midkine expression in control SRC cells (SRC Control), SRC cells that were
treated for 5 passages with 5-Aza-2-deoxycytidine (SRC 5AZA), and SRC
cells 5-with 5 passages Aza-2-deoxycytidine and then grown for 5 additional
passages without treatment (SAZA-STOP). Treatment with 5-Aza-2-
deoxycytidine induces midkine expression. Five passages following 5-Aza-2-
deoxycytidine removal the expression of midkine has dropped but it is greater
than that of untreated control cells. Bars represent the average expression of
three biologic replicates, and error bars represent the standard deviation of
these replicates. ‘*’ Indicates values that are significantly different than the
“SRC Control” sample (p<.05). Note that for graphical representation two
different vertical scale bars are shown; the vertical scale bar on the left
corresponds to the SRC Control and SRC SAZA-STOP samples, and the
vertical Scale bar on the right corresponds with the SRC SAZA-STOP sample.
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Figure 19. Epigenetic analysis of Midkine methylation in SRC cells. Schematic
representation of analyzed CpG islands in relation to the midkine
transcriptional start site (TSS). Green bars indicate regions that were targeted
for bisulfite sequencing. Bisulfite sequencing of midkine CpG Island 1 and
CpG Island 2. Each row indicates an individual cloned sequence. Circles
represent CpG sites. Black circles indicate a methylated CpG site and white
circles indicate a unmethylated CpG site. These results demonstrate that 5-
Aza-2-deoxycytidine treatment leads to the hypomethylation of CpG islands
that span regions of the rat midkine gene.
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Figure 20. Expression analysis of sox-2 in SRC cells. Quantitative real time PCR
analysis of sox-2 expression in control SRC cells (SRC Control), SRC cells
that were treated for 5 passages with 5-Aza-2-deoxycytidine (SRC 5AZA),
and SRC cells 5-with 5 passages Aza-2-deoxycytidine and then grown for 5
additional passages without treatment (SAZA-STOP). Treatment with 5-Aza-
2-deoxycytidine induces sox-2 expression. Five passages following 5-Aza-2-
deoxycytidine removal the expression of sox-2 has dropped. Bars represent
the average expression of three biologic replicates, and error bars represent the
standard deviation of these replicates. ‘*’ Indicates values that are
significantly different than the “SRC Control” sample (p<.05).
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Figure 21. Epigenetic analysis of sox-2. Schematic representation of analyzed CpG
islands in relation to the sox-2 transcriptional start site (TSS). Green bars
indicate regions that were targeted for bisulfite sequencing. Bisulfite
sequencing of sox-2 CpG Island 47 and CpG Island 154. Each row indicates
an individual cloned sequence. Circles represent CpG sites. Black circles
indicate a methylated CpG site and white circles indicate an unmethylated
CpG site. (A) CpG 47 Island was methylated in untreated SRC cells but
following 5-Aza-2-deoxycytidine treatment it became hypomethylated. (B)
CpG Island 154 was not methylated in either control or treated cells.
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Figure 22. Pyrosequencing of the midkine and sox-2 promoter. CpG sites in the midkine
(A) and sox-2 (B) promoter sequence are methylated in untreated SRC cells
but following 5-Aza-2-deoxycytidine treatment they become hypomethylated.
The promoter regions of midkine and sox-2 were analyzed for DNA
methylation status. Pyrosequencing was used to analyze bisulfite treated DNA
with primers specific for midkine or sox-2. The bar represents the average
DNA methylation of technical replicates, and the error bars represent the
standard deviation of the technical replicates. ‘*’ Indicates that the values are
significantly different than the “SRC Control” sample (p<.05). Five CpG sites
were examined with the midkine promoter analysis. Eight CpG sites were
examined in the sox-2 analysis.
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Figure 23. 5-Aza-2-deoxycytidine treated SRC cells produced larger tumors than
untreated SRC cells. (A) In vivo bioluminescent i 1mag1ng of SRC cells in nude
mice. 5x10° Control cells [animal a; left] and 5x10° 5-Aza-2- -deoxycytidine
treated cells [animal B; right] were injected subcutaneously. This image was

collected 6 weeks after tumor induction. This Image corresponds to animal 3a
and 3b in Table 8.
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Figure 24. Summary of in vivo SRC injections. Tumors induced with 5-Aza-2-
deoxycytidine-treated SRC cells produced larger tumors than the tumors
induced with SRC control cells. A linear regression method was applied to
analyze tumor weight between two tumor groups (SRC Control and SRC
SAZA) after adjusting for the number of cells injected. For graphical
representation the tumor weights and the number of cells injected was log
transformed. p-value is for comparison of the two tumor groups (SRC
Control and SRC 5AZA), and indicates that there is a significant difference in
tumor weight between the two groups. Results are shown for 7 animals with
tumors induced from untreated cells (SRC control) and for 7 animals with
tumors induced from 5-Aza-2-deoxycytidine-treated cells (SRC SAZA).
Detailed in vivo tumor summary is presented in Table 8.
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Figure 25. Photomicroscopy of histological sections obtained from SRC tumors (20x
magnification). (A) Subcutaneous tumor induced from untreated SRC control
cells. (B) Subcutaneous tumor induced from 5-Aza-2-deoxycytidine SRC
cells. Approximately 60 days following tumor induction animals were
sacrificed and tumors were removed for histology. Tumors from the SRC
control cells and the 5-Aza-2-deoxycytidine cells showed considerable
heterogeneity. There was no clear histological difference between tumors
initiated from control cells or treated cells. Low grade (Grade 1) — Small
nuclei with low variation in size and abundant cartilage matrix. Intermediate
grade (Grade 2) — Higher cellularity, larger nuclei with increased atypia and
hyperchromasia. High grade (Grade 3) — Pleomorphic cells with greater
degree atypia and nuclear size. The SRC cells are stained with Safranin O
(red).



Figure 26. Macrometastasis detected in the lungs of mice injected with 5-Aza-2-
deoxycytidine treated SRC cells. Macrometastases were detected in 3 of 9
animals injected with 5-Aza-2-deoxycytidine treated cells, but no
macrometastases were detected in the lungs of mice injected with untreated
cells. Metastases of varying size were detected in the in the lungs of the same
animal. The SRC tumor cells form nodules of different sizes and resemble
hyaline cartilage. Lungs from 3 separate mice are displayed in the figure.
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Figure 27. Pyrosequencing of LINE and Satellite 1 and 2 in vivo. Pyrosequencing results
are also displayed from tumor samples: tumors initiated from untreated SRC
cells (SRC Control) and tumors initiated from SRC cells that were treated for
5 passages with 5-Aza-2-deoxycytidine (SRC 5AZA). Results are shown for
3 SRC Control tumors and 3 SRC 5AZA tumors. Pyrosequencing assay:
LINEI1-S1; [2481 CpG’s], LINE1-S2; [3308 CpG’s], Satellite I [15CpG’s],
Satellite I1 [411 CpG’s]. In all regions examined by pyrosequencing the SRC
SAZA tumors have a significantly lower level of methylation than the SRC
Control tumors. Bars represent the average DNA methylation % of biologic
replicates, and error bars represent the standard deviation of these replicates.
“*> Indicates values that are significantly different than the “SRC Control”

sample (p<.05).
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Figure 28. Identification of Sox-2 regulated genes. Genes with a 5-fold difference
between control and 5-Aza-2-deoxycytidine treated cells were imported into
the pathway program GeneGO. GenGO identified a network whereby sox-2
putatively activates the expression of Dppa5, Alpha crystallin B, and P-
cadherin. Microarray data demonstrates that Dppa5, CryaB, Cdh3, and Sox2
are upregulated following 5-aza-2-deoxycytidine treatment (Table 9). The
relative expression ratios of Dppa5, Alpha crystallin B, and P-cadherin are
similar to that of sox-2, suggesting that sox-2 may play a role in the regulation
of these genes.
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CHAPTER IV
CONCLUSION

Over 1.4 million new cases of cancer are diagnosed each year in the United
States, and it is estimated that more than half a million people die each year to this
disease (Jemal et al. 2008). Research is needed to uncover the molecular mechanisms
underlying tumorigenesis and metastasis so that non-invasive, sensitive methods can be
developed for improved detection, diagnosis, prognosis, and ultimately for safer and
more effective treatment of cancer.

In this thesis we characterize a rat model (SRC: Swarm rat chondrosarcoma) of
human cancer chondrosarcoma, with the goal of attaining a greater understanding of the
molecular basis for its development and progression. Specifically, we examined the
impact of genome-wide hypomethylation and the contribution of the tumor
microenvironment in the SRC model. The microenvironment has a direct impact on
tumor cells and epigenetic alterations constitute a hallmark of cancer (Hanahan and
Weinberg 2000). Albeit regarded as a common epigenomic alteration in cancer
(Pogribny and Beland 2009), the genome-wide pattern of DNA hypomethylation and its
consequence to tumorigenesis are still poorly understood.

Previous studies indicated that the SRC tumor microenvironment can influence
SRC malignancy (Kenan and Steiner 1991). However, no studies had previously
examined its biologic basis. To address this issue we carried out epigenetic and gene
expression studies on the SRC tumors that were initiated at different transplantation sites.
Global methylation analysis revealed that the DNA of the SRC tumor was
hypomethylated compared to that of normal tissue, and it also revealed that the tumor
transplantation site influenced the extent of DNA hypomethylation.

To complement the epigenetic analysis, SAGE (Velculescu et al. 1995) was used

to derive gene expression profiles from the SRC tumors. This study revealed that the
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gene expression profiles of the SRC tumors were unique to each transplantation site. We
identified several site-specific alterations in gene expression that may contribute to the
increase in malignancy that is observed in SRC tumors grown in the tibia. For example,
the expression of mRNAs coding for structural extracellular matrix proteins decreased,
and that of proteases increased in SRC tumors. Changes to the extracellular matrix are
necessary for tissue invasion and metastasis (Hanahan and Weinberg 2000), and these
gene expression alterations may contribute to the invasive phenotype of the tibia SRC
tumors (Kenan and Steiner 1991). Such alterations in gene expression of extracellular
matrix proteins have also been observed in human chondrosarcoma (Aigner et al. 2002),
which provides further evidence for the similarity between the SRC rat model and human
chondrosarcoma.

Additional analysis revealed changes in the expression of genes regulating
skeletal development, cell proliferation and cell motility. Expression of two of these
genes, c-fos and thymosin-B4, has been documented in human chondrosarcoma
(Papachristou et al. 2005). These genes have been implicated in several aspects of
tumorigenesis (Cha et al. 2003; Kobayashi et al. 2002; Tuckermann et al. 2001). To
investigate the role of these genes, we independently overexpressed c-fos and thymosin-
B4 in a SRC cell line. Overexpression of neither c-fos nor thymosin-B4 affected
tumorigenesis based on average tumor weights. It is noteworthy, however, that multiple
lung metastases were detected in one animal with a thymosin-B4-overexpressing tumor.
More studies are needed to determine the significance of this finding but, the detection of
SRC lung metastases is in agreement with previous studies that indicated that thymosin-
B4 can regulate tumor cell motility and metastasis (Kobayashi et al. 2002).

Taken together these studies indicate that the microenvironment can induce
significant alterations in the epigenetic and gene expression profiles of SRC tumors,

which in turn affect tumorigenesis.
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In the third chapter of this thesis we examined the influence of DNA
hypomethylation on SRC tumorigenesis. The occurrence of DNA hypomethylation in
tumors is well documented (Jones and Baylin 2002). DNA hypomethylation can lead to
genomic instability (Howard et al. 2008), and it may also result in the expression of genes
that should otherwise be silenced (Pogribny and Beland 2009). Evidence suggests that
hypomethylation promotes tumor formation, but the role of DNA hypomethylation in
chondrosarcoma is unclear. In the second chapter we examined the methylation profiles
of the SRC tumors. Interestingly, we found that the tumor most aggressive tumor, that
which was grown in the tibia, was also the most hypomethylated.

To further investigate the role of DNA hypomethylation in tumorigenesis we
induced DNA hypomethylation with 5-Aza-2’-deoxycytidine. 5-Aza-2’-deoxycytidine
inhibits DNA methyltransferases (Chen et al. 1991) thus leading to reduced levels of
DNA methylation (Mund et al. 2005).

5-Aza-2’-deoxycytidine was used to induce DNA hypomethylation in the SRC
cells. The resulting decrease in methylation was accompanied by an increase in the
invasiveness of the SRC cells. In vitro, methylation was reestablished following removal
of 5-Aza-2’-deoxycytidine. Once reestablished, the invasiveness of the cell line returned
to a level similar to that observed in control cells. In vivo, DNA hypomethylation led to
the formation of tumors that were more aggressive than those derived from control cells.

Microarray analysis revealed that DNA hypomethylation induced several gene
expression alterations in the SRC cells. Two of these genes, midkine and sox-2, were
selected for further analysis based on their differential expression and putative role in
tumorigenesis (Kato et al. 2000; Sanada et al. 2006; Tanabe et al. 2008). Analysis of the
promoter regions of these genes revealed the presence of CpG dinucleotides that were
methylated prior to but not post treatment with 5-Aza-2’-deoxycytidine. This result

suggests that both midkine and sox-2 genes may be epigenetically regulated and that their
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expression may contribute to the increased tumorigenicity that is observed following
treatment with 5-Aza-2’-deoxycytidine.

Although 5-Aza-2-deoxycytidine has previously been shown to have clinical
benefits in the treatment of specific forms of leukemia (Plimack et al. 2007), our results
suggest that 5-Aza-2-deoxycytidine treatment may promote certain aspects of
tumorigenesis in SRC cells. The clinical benefits of 5-Aza-2-deoxycytidine are thought
to be mediated by the drug's ability to induce DNA hypomethylation. However, it has
been shown that chromosomal instability and tumor formation are also promoted by
genome-wide loss in DNA methylation (Eden et al. 2003). Additionally, 5-Aza-2-
deoxycytidine has been shown to induce DNA damage (Juttermann et al. 1994; Palii et al.
2008). Our studies in SRC cells demonstrate that 5-Aza-2-deoxycytidine treatment can
lead to the induction of genes that can regulate pluripotency in stem cells (Figure 28).
The expression of pluripotency related genes may lead to the activation of transcriptional
programs that could confer stem cell-like properties to the tumor cells (Schoenhals et al.
2009), and this would ultimately promote further tumor progression. Taken together, our
results highlight the potential negative impact that epigenetic drugs may have on tumor
outocome. Experimental treatment of other tumor types with 5-Aza-2-deoxycytidine
should therefore be done with great caution.

Overall this thesis demonstrates that the tumor microenvironment can induce
epigenetic alterations and changes in gene expression in the SRC cells. Subsequent
functional analysis of differentially expressed genes provided insight into the role that
two genes, c-fos and thymosin-$4, may play in chondrosarcoma tumorigenesis. This
thesis also demonstrates that DNA hypomethylation can promote aspects of
chondrosarcoma tumorigenesis. These changes in tumorigenesis may be mediated by the
expression of genes that are epigenetically silenced in normal cells. Interestingly,
thymosin-f4 was found to be upregulated in both the SAGE data derived from SRC

tumors, and the microarray data obtained from hypomethylated SRC cells. Examination



of the thymosin-4 promoter revealed that both human and rat thymosin-B4 genes have
CpG islands in their promoter regions (Figure 29), thus suggesting that thymosin-4
expression in chondrosarcoma cells may be epigenetically regulated by DNA

methylation.
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Figure 29. Schematic representation of the thymosin-f4 promoter. The thymosin-4
promoter sequence in human (A) and rat (B) was examined for CpG islands.
CpG islands were found to cover the first two exons of the thymosin-4 gene

in both species. Diagram is drawn to scale. Blue boxes represent exons. The
green boxes represent the location of the CpG islands.
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APPENDIX A
COMPLETE SAGE DATA

The gene expression data generated with the SAGE experiments are provided in
Appendix A. The data is presented as a table. The first row of the table describes each
column of the table. Each subsequent row corresponds to a single SAGE tag. Each tag is
identified by its 10 base-pair nucleic acid sequence. The adjacent columns provide the
expression value for each tag in a given SAGE library. The raw expression data and the
normalized expression values are given for each SAGE library (for the normalized data
the tags were normalized to 100,000 tags/library). For each SAGE tag, the Unigene
number and gene name description are given if known.

This SAGE data file is documented as a file named Appendix A with Microsoft

Excel, and stored in the attached DVD.
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APPENDIX B
DIFFERENTIALLY EXPRESSED SAGE TAGS

The complete list of differentially expressed genes obtained from the comparison
of “Rat Normal Cartilage” vs. all 3 SRC SAGE libraries (“Subcutaneous SRC tumor”,
“Tibia SRC tumor”, and “Lung SRC tumor”) is provided in Appendix B. The criteria for
section was as follows: z-value>1.96 (for differential gene expression) and expression of
at least 25 tags in one SAGE library. The data is presented as a table. The first row of the
table describes each column of the table. Each subsequent row corresponds to a single
SAGE tag. Each tag is identified by its 10 base-pair nucleic acid sequence. The adjacent
columns provide the expression value for each tag in a given SAGE library. For each
SAGE tag, the Unigene number and gene name description are given if known.

This SAGE data file is documented as a file named Appendix B with Microsoft

Excel, and stored in the attached DVD.
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APPENDIX C
GENE LIST OF UNIQUE SAGE PROFILES

The complete list of differentially expressed genes for the following comparisons
are presented in Appendix C: “Subcutaneous SRC tumor” vs. “Tibia SRC tumor” and
“Lung SRC tumor”, “Tibia SRC tumor” vs. “Subcutaneous SRC tumor” and “Lung SRC
tumor”, and “Lung SRC tumor “ vs. “Subcutaneous SRC tumor” and “Tibia SRC tumor”.
The criteria for selection was as follows: z-value>1.96 (for differential gene expression)
and expression of at least 25 tags in one SAGE library. The first row of the table
describes each column of the table. Each subsequent row corresponds to a single SAGE
tag. Each tag is identified by its 10 base-pair nucleic acid sequence. The adjacent
columns provide the expression value for each tag in a given SAGE library. For each
SAGE tag, the Unigene number and gene name description are given if known.

This SAGE data file is documented as a file named Appendix C with

Microsoft Excel, and stored in attached DVD. Each tab of the spreadsheet corresponds to
an as specific comparison of expression data as follows: Tab 1="Subcutaneous SRC
tumor” vs. “Tibia SRC tumor” and “Lung SRC tumor, Tab 2= “Tibia SRC tumor” vs.
“Subcutaneous SRC tumor” and “Lung SRC tumor”, and Tab 3= “Lung SRC tumor “ vs.

“Subcutaneous SRC tumor and “Tibia SRC tumor”.
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APPENDIX D
COMPLETE MICROARRAY DATA

The complete microarray data for the gene expression experiment (Chapter III) is
provided in Appendix D. The data for 5 microarray hybridizations is presented in a table.
The five hybridizations: SRC-5AZA-1(treated sample), SRC-5AZA-2(treated sample),
SRC-No-Treat-1(control sample), SRC-No-Treat-2(control sample), and SCR-No-Treat-
3(control sample). The first row of the table describes the annotation for of each column
of the table. The unique identifier for each set of probes on the microarray is listed under
the column “SEQ IDs”. The annotation for each of the “SEQ_IDs” is presented in the
second tab of the excel workbook. For the expression analysis, a “SEQ_ID” occupies the
first column in a row, and the adjacent columns contain the expression values( Tab 1:
Normalized data). The microarray was carried out using the NimbleGen microarray
service. The Rattus norvegicus 1-plex array (14 probes/target; 26739 genes; cat#:
A6184-00-01) was used for each hybridization.

All presented microarray data is MIAME compliant. The raw microarray data has
been deposited in a MIAME compliant database. The microarray data has been deposited
at the Gene Expression Omnibus database (GEO accession number: GSE17598).

This microarray data file is documented as a file named Appendix D with

Microsoft Excel, and stored in the attached DVD.
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APPENDIX E
DIFFERENTIALLY EXPRESSED GENES IDENTIFIED
BY MICROARRAY ANALYSES

The complete list of differentially expressed genes for the comparison of 5-AZA-
2-deoxycytidine treated SRC-LTC cells (SRC-5AZA) vs. untreated SRC-LTC cells
(SRC-No-Treat) are presented in Appendix E. For inclusion in this analysis the genes
had to have a 5-fold difference between control and 5-Aza-2-deoxycytidine treated cells.

The data is presented as a table. The first row of the table describes each column
of the table. Each subsequent row corresponds to a gene/set of probes on the miroarray
data. The first column lists the GenBank number. The adjacent columns provide the
expression value for each tag in a given hybridization.

This microarray data file is documented as a file named Appendix E with

Microsoft Excel, and stored in the attached DVD.
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