
Thrombospondin-1 expression in melanoma is blocked by
methylation and targeted reversal by 5-Aza-deoxycytidine
suppresses angiogenesis

Daniel J. Lindner1, Yan Wu1, Rebecca Haney1, Barbara S. Jacobs1, John P. Fruehauf2,
Ralph Tuthill1, and Ernest C. Borden1

1Taussig Cancer Institute, Translational Hematology & Oncology Research, Cleveland Clinic,
Cleveland, OH 44195
2Clinical Pharmacology and Developmental Therapeutics, University of California-Irvine Chao
Family Comprehensive Cancer Center, Orange, CA 92868

Abstract
Background—Reversibility of aberrant methylation via pharmacological means is an attractive
target for therapies through epigenetic reprogramming. To establish that pharmacologic reversal of
methylation could result in functional inhibition of angiogenesis, we undertook in vitro and in vivo
studies of thrombospondin-1 (TSP1), a known inhibitor of angiogenesis. TSP1 is methylated in
several malignancies, and can inhibit angiogenesis in melanoma xenografts. We analyzed effects
of 5-Aza-deoxycytidine (5-Aza-dC) on melanoma cells in vitro to confirm reversal of promoter
hypermethylation and restoration of TSP1 expression. We then investigated the effects of TSP1
expression on new blood vessel formation and tumor growth in vivo. Finally, to determine
potential for clinical translation, the methylation status of TSP1 promoter regions of nevi and
melanoma tissues was investigated.

Results—5-Aza-dC reduced DNA (cytosine-5)-methyltransferase 1 (DNMT1) protein, reversed
promoter hypermethylation, and restored TSP1 expression in five melanoma cell lines, while
having no effect on TSP1 protein levels in normal human melanocytes. In in vivo
neovascularization studies, mice were implanted with melanoma cells (A375) either untreated or
treated with 5Aza-dC. Vessels at tumor sites were counted by an observer blinded to treatments
and the number of tumor vessels was significantly decreased at pretreated tumor sites. This
difference occurred before a significant difference in tumor volumes was seen, yet in further
studies the average tumor volume in mice treated in vivo with 5-Aza-dC was decreased by 55%
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compared to untreated controls. Knockdown of TSP1 expression with shRNA enhanced tumor-
induced angiogenesis by 68%. Analyses of promoter methylation status of TSP1 in tumors derived
from untreated and treated mice identified 67% of tumors from untreated and 17% of tumors from
treated mice with partial methylation consistent with the methylation specific PCR analysis of
A375 cells. Examination of methylation patterns in the promoter of TSP1 and comparison of
aberrantly methylated TSP1 in melanoma with non-malignant nevi identified a significantly higher
frequency of promoter methylation in tumor samples from melanoma patients.

Conclusions—Pharmacological reversal of methylation silenced TSP1 had functional biological
consequences in enhancing angiogenesis inhibition and inducing antitumor effects to decrease
murine melanoma growth. Angiogenesis inhibition is an additional mechanism by which
epigenetic modulators can have antitumor effects.

Keywords
5-Aza-deoxycytidine; thrombospondin-1; promoter hypermethylation; methyltransferase inhibitor;
anti-angiogenesis

Introduction
Tumor cells secrete pro-angiogenic proteins such as vascular endothelial growth factor
(VEGF) whereas host tissues can cleave secreted proteins to yield angiogenic inhibitors such
as angiostatin, endostatin, tumstatin, and thrombospondin-1 (TSP1) (Jain, 2008; Kerbel,
2008; Naumov et al., 2006a). TSP1 is a glycoprotein containing multiple interacting
domains that has an important role in cell proliferation, adhesion, migration, angiogenesis,
and tumor metastasis through interaction with several different proteins and cell receptors
(Silverstein and Febbraio, 2007). Decreased expression of TSP1 can occur in primary
tumors. Aberrant methylation of TSP1 has been postulated as associated with angiogenesis
in gastric cancer, colorectal cancer, glioblastoma multiforme, and neuroblastoma (Kim et al.,
2005; Lee et al., 2004; Li et al., 1999; Yang et al., 2003).

Transcriptional inactivation of inhibitors and overexpression of angiogenic stimulators by
tumor cells occurs during tumor progression (Jain, 2008; Kerbel, 2008;Naumov et al.,
2006a). Methylation is one of the key mechanisms for epigenetic regulation of gene
expression (Herman and Baylin, 2003; Jones and Baylin, 2002). Reversibility of aberrant
methylation via pharmacological means is a potential target for therapy through epigenetic
reprogramming. DNA methyltransferase 1 (DNMT1) plays a primary role in the
maintenance of methylation patterns during DNA replication (Herman and Baylin, 2003).
DNA methyltransferase inhibitors can reactivate epigenetically silenced genes and suppress
tumor cell growth in vitro and in vivo (Herman and Baylin, 2003; Jones and Baylin, 2002;
Robert et al., 2003; Suzuki et al., 2002).

TSP1 is methylated in several malignancies, decreased in melanoma, and can inhibit
angiogenesis in melanoma xenografts (Li et al., 1999; Rofstad and Graff, 2001; Rojas et al.,
2008; Yang et al., 2003; Zabrenetzky et al., 1994). To extend these studies to establish that
pharmacologic reversal of methylation could result in functional inhibition of angiogenesis
by TSP-1 and to establish effects in melanoma, we undertook preclinical studies in vitro and
in vivo. To determine potential for clinical translation, the methylation status of the TSP1
promoter regions of nevi and melanoma tissues were investigated.

Lindner et al. Page 2

Matrix Biol. Author manuscript; available in PMC 2014 March 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Results
1. 5-Aza-dC reduced DNMT1 protein

5-Aza-dC, when incorporated into DNA covalently binds DNMT1, resulting in DNMT1
depletion, demethylation, and gene reactivation (Ghoshal et al., 2005; Jung et al., 2007;
Momparler, 2005). Prior to probing methylation of TSP1 in melanoma cells, the expression
of DNMT1 before and after 5-Aza-dC was assessed. DNMT1 was markedly reduced in cell
extracts derived from 5-Aza-dC-treated melanoma cells as compared with control untreated
cells (Fig. 1A). Normal melanocytes expressed low basal levels of DNMT1 protein and
DNMT1 expression was not affected by 5-Aza-dC treatment.

To confirm that DNMT1 was required for gene reactivation, WM164 cells were treated with
0.2 µM 5-Aza-dC daily for 8 days. Cells were then allowed to grow for an additional 3 days
without treatment, after which time DNMT protein levels were measured. DNMT protein
was markedly reduced at the end of 5-Aza-dC treatment but started to recover two days after
drug removal and further increased to control levels at day 3 (Fig. 1B). Concomitantly,
TSP1 gene expression was decreased by 5-Aza-dC but increased after 5-Aza-dC removal
(Fig. 1C).

2. 5-Aza-dC reversed promoter hypermethylation and restored TSP1 expression
To confirm the effects of 5-Aza-dC on methylation reversal in melanoma cells, five
established melanoma cell lines (SK-MEL-1, SK-MEL-3, SK-MEL-28, WM164, and A375)
were evaluated. Initially, methylation-specific PCR was used to assess methylation of the
TSP1 promoter region (Fig. 2A). In WM164 cells, complete methylation of the promoter
region was observed in untreated cells, but after 5-Aza-dC treatment for 4 and 8 days, the
promoter region changed from completely methylated to a partially methylated state (Fig.
2B). Similar results were found in SK-MEL-28, SK-MEL-1, SK-MEL-3, and A375 cells, in
which the promoter region changed from partially methylated to a completely unmethylated
state after treatment with 5-Aza-dC (Fig. 2B).

To confirm promoter hypermethylation in melanoma cells, direct bisulfite sequencing was
performed. The analysis was carried out using the sequences spanning the −338– to −97-bp
region of the TSP1 promoter. In normal melanocytes, all C residues were converted to T
residues, indicating an unmethylated promoter region (Fig. 2C, first row). In untreated
WM164 cells, the DNA showed retention of all C residues in the CpG sequences (Fig. 2C,
second row), indicating promoter hypermethylation in these cells. Partial methylation (both
C and T residues in the same CpG sequence) occurred in WM164 cells treated with 5-Aza-
dC (Fig. 2C, third row). The signal intensity representing T residues was stronger in these
cells treated with 5-Aza-dC for 8 days than that of cells treated for 4 days (Fig. 2C, fourth
row), indicating that more cells underwent demethylation after prolonged 5-Aza-dC
treatment. These results further confirmed the MSP analysis.

We then evaluated whether the change in promoter methylation was associated with change
in expression of TSP1 after 5-Aza-dC treatment using Real-time PCR. The expression of
TSP1 was increased in all cell lines after 4 days of 5-Aza-dC treatment compared with that
of untreated cells. TSP1 expression was significantly further increased in WM164 cells after
8 days of 5-Aza-dC (P<0.001) compared with expression in the corresponding untreated
cells and cells treated with 5-Aza-dC for 4 days (Fig. 3A). This was consistent with changes
in the methylation status of TSP1 in WM164 cells and other cell lines. TSP1 protein levels
were increased ~2- to 3-fold (P≤0.05) after 5-Aza-dC treatment in all melanoma cell lines;
however, 5-Aza-dC had no effect on TSP1 protein levels in normal melanocytes (Fig. 3B),
suggesting that the promoter methylation status determined TSP1 gene and protein
expression in melanoma cell lines.
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3. 5-Aza-dC inhibited new blood vessel formation
Given the in vitro effect of 5-Aza-dC on melanoma cells, which augmented expression of
the TSP1 gene, we hypothesized that 5-Aza-dC would reduce tumor vascularization in vivo.
Mice received A375 cells that had been pretreated with 5-Aza-dC in vitro and control mice
received untreated A375 cells. Using a murine model for quantitating vascular response to
tumor (Sidky and Auerbach, 1976; Sidky et al., 1986;Taylor et al., 2006), three days after
inoculation, vessels at the tumor inoculation sites were counted by an observer blinded to
treatments. There were more radially-oriented vessels contacting the periphery of the tumors
in control mice (Fig. 4A). The number of vessels was significantly decreased (P=0.003,
Student’s t-test) in mice with pretreated A375 cells compared with mice that received
untreated A375 cells (Fig. 4B, left panel). To assure that decreased angiogenesis was not
secondary to inhibition of tumor growth, tumor volume was also quantified. There was no
significant difference in tumor volume between treated and control groups (P=0.53) (Fig.
4B, right panel). Thus, inhibition of angiogenesis, mediated by 5-Aza-dC, preceded any
effect on tumor volume.

TSP1 expression and DNMT1 levels in 5-Aza-dC pretreated and untreated A375 cells were
measured and results were consistent with those shown previously (Figs. 1 and 3). TSP1
protein was significantly upregulated in 5-Aza-dC pretreated A375 tumors; moreover, 5-
Aza-dC significantly diminished DNMT1 expression in these cells (Fig. 4C). Therefore,
increased TSP1 expression induced by 5-Aza-dC was associated with inhibition of
angiogenesis.

To demonstrate that cellular TSP1 levels had a direct effect upon the angiogenic response,
the murine angiogenesis assay was performed with A375 cells that had been stably
transfected with shRNA directed against TSP1. These cells have previously been shown to
have suppressed levels of TSP1 (Trapp et al., 2010). Compared to control (scrambled RNA
expressing cells, SCR) the shRNA-TSP1 cells induced 68% more vessels in the dermis
(P=0.0074) (Fig. 4D, left panel). Enhanced angiogenesis in the shRNA-TSP1 was not due to
differences in tumor size (P=0.31) (Fig. 4D, right panel). Repeat experiments confirmed
these findings. To compare macroscopic peritumoral vessel formation in the dermis to
intratumoral vascularity, microvessel density was assessed. At 3 days growth, sh-TSP1 and
SCR tumors were analyzed for CD31 (PECAM-1) expression. A375 tumors expressing sh-
TSP1 RNA (Fig. 4E-G) displayed 12.74 ± 1.08 vessels per mm2, whereas SCR expressing
tumors (Fig. 4H-J) displayed 4.31 ± 0.72 vessels per mm2 (P=0.0001). Hence, vascularity of
xenografts assessed by dermal angiogenesis assay (extratumoral vessels) correlated well
with microvascular density (intratumoral vessels) as determined by CD31 staining. Both
tumor types exhibited non-productive structures (unstained by CD31) that may represent
vasculogenic mimicry. ELISA was utilized to quantitate TSP1 protein in A375 cell lines
used to generate these tumors. TSP1 levels were 5–6 fold higher in SCR-A375 cells
compared to shTSP1-A375 cells (Fig. 4K-L). The majority of TSP1 appeared to be secreted,
as levels were 10-fold higher in conditioned medium (Fig. 4K) compared to cell lysates (Fig.
4L).

4. Tumor growth was suppressed in mice receiving 5-Aza-dC
To further investigate the effect of 5-Aza-dC on tumor growth, mice were inoculated with
untreated A375 cells, and tumor volume was assessed. When average tumor volumes were
approximately 2 mm3, half the mice received 5-Aza-dC i.p. 30 mg/kg, daily for 7 days. On
day 10, the average tumor volume in treated mice was reduced by 55% compared with that
of controls (P=0.024) (Fig. 5A and B). The number of blood vessels around the tumors was
also significantly decreased (P=0.0003) after 5-Aza-dC treatment (Fig. 5C). To assess the
contribution of TSP1 suppression to drug sensitivity, mice were inoculated with shTSP1-
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A375 cells or SCR-A375 cells and treated with vehicle or 5-Aza-dC as above. A375-shTSP1
tumors grown in mice receiving vehicle were 38% larger by day 21 compared to SCR-TSP1
tumors (P=0.021). Treatment with 5-Aza-dC inhibited the growth rate of both tumor types,
A375-shTSP1 by 38%, and SCR-TSP1 by 37%, (P=0.00017, P=0.00032, respectively).

We further analyzed the promoter methylation status of TSP1 in tumors derived from
control and 5-Aza-dC-treated mice. Partial methylation of the TSP1 gene in the promoter
region was present in 4 of 6 (67%) tumors from control mice (consistent with MSP analysis
shown in Fig. 2B), whereas only 1 of 6 (17%) tumors from treated mice showed partial
methylation (Fig. 5D). Thus, 5-Aza-dC induced TSP1 promoter demethylation in vivo,
consistent with MSP analysis of A375 cells (Fig. 2B).

5. Methylation of TSP1 promoter region in nevi and melanoma tissues
In view of frequent decreases in TSP1 expression in malignant melanoma (Zabrenetzky et
al., 1994), we examined methylation patterns in the promoter of TSP1 and compared the
frequency of aberrantly methylated TSP1 in malignant and benign nevi tissues. The results
of MSP analysis showed that 1 of 21 melanomas (5%) and 1 of 23 nevi (4.3%) were fully
methylated while, 9 of 21 melanomas (43%) and 2 of 23 nevi (8.7%) were partially
methylated in this region (Fig. 6A and B). The frequency of promoter methylation in
melanomas was significantly higher than that in the nevi (P=0.02) (Fig. 6C).

Discussion
Aberrant DNA methylation of promoters of genes that mediate tumor suppression and/or
apoptosis is an important mechanism of oncogenesis (Baylin and Ohm, 2006;Esteller, 2002;
Ghoshal et al., 2005; Jung et al., 2007; Momparler, 2005; Yoo and Jones, 2006). 5-Aza-dC
and other methylation inhibitors can reverse DNA methylation in a replication-dependent
manner and can reactivate gene expression silenced by hypermethylation. Treatment with 5-
Aza-dC and other inhibitors of DNA methylation can result in methylated gene reactivation
in both transplantable and xenograft tumor models, as well as improved mouse survival
when used alone or, more commonly, in combinations (Alleman et al., 2004; Cantor et al.,
2007; Eramo et al., 2005; Guo et al., 2006; Kaminski et al., 2004; Kozar et al., 2003; Laird
et al., 1995; Liang et al., 2002;Natsume et al., 2008; Reid et al., 1992; Reu et al., 2006a;
Tang et al., 2004; Venturelli et al., 2007; Zorn et al., 2007). Aberrant methylation has
prompted studies of methylationspecific PCR for early diagnosis (Baylin and Ohm, 2006;
Esteller, 2002; Yoo and Jones, 2006). The diversity of genes in melanoma affected by
aberrant methylation, including RASSF1A, XAF1, PTEN, RARβ2, MAGE, and MGMT,
suggests that epigenetic aberrations may be involved in the pathogenesis of melanoma
(Hoon et al., 2004;Spugnardi et al., 2003). To determine whether promoter
hypermethylation might be influencing these events in part through angiogenesis, we
undertook studies of a proangiogenic factor TSP1 with CpG islands subject to promoter
hypermethylation.

Decreased expression of the TSP1 gene in melanoma occurred secondary to promoter
hypermethylation (Fig 4). In addition, 5-Aza-dC resulted in up-regulation of TSP1 and
attenuated angiogenesis in vivo (Fig 5), suggesting that pharmacological intervention might
rectify epigenetic aberrations in melanoma and might even reverse the course of melanoma
progression. The 5-Aza-dC dose and schedule used induced a low frequency of apoptosis in
melanoma cells (Reu et al., 2006b); however cell numbers in all treated cell lines increased
in vitro 3–20×. DNMT1 was significantly depleted by 5-Aza-dC and resulted in TSP1
demethylation with a concomitant increase in gene and protein expression (Figs. 1–3).
DNMT1 protein was returned to pretreatment levels three days after drug withdrawal,
consistent with gene expression levels (Fig. 1B and C), suggesting that DNMT1 was critical
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for maintaining gene silencing. Suggesting selectivity of effect for tumor cells, 5-Aza-dC
had no effect on DNMT1 depletion and TSP1 protein level in normal melanocytes.

In vivo angiogenesis assays identified markedly reduced tumor associated vessels in mice
inoculated with melanoma cells that had been pretreated with 5-Aza-dC and in mice treated
with 5-Aza-dC (Figs. 4B and 5C), suggesting an antiangiogenic effect of methylation
reversal. Even though TSP1 was strongly induced by 5-Aza-dC, it was unlikely that TSP1
was mediating the entire antiangiogenic effect in melanoma, since vessel count was reduced
by approximately half following 5-Aza-dC, but not eliminated entirely. Tumor growth was
significantly suppressed when mice received 5-Aza-dC for a seven days after tumor
implantation (Fig. 5A and B). Knockdown of TSP1 expression with shRNA caused a 68%
increase in peri-tumoral vessel formation, strongly suggesting that TSP1 itself had a direct
effect on suppression of the angiogenic phenotype (Fig. 4D). Importantly, inhibition of
angiogenesis occurred prior to any detectable inhibitory effects on tumor volume. Therefore,
it is likely that inhibition of angiogenesis led to diminished tumor volume. Consistent with
in vitro analysis, TSP1 demethylation occurred in more than 60% of the tumors derived
from 5-Aza-dC-treated mice (Fig. 5D). A375 tumors expressing sh-TSP1 displayed
increased growth rate compared to SCR-A375 tumors (Fig 5E), suggesting a direct tumor
suppressive role for TSP1 in this model. These results confirm the roles of 5-Aza-dC as an
inhibitor of both angiogenesis and tumor growth. Furthermore, increased expression of
TSP1 in tumor cells might play a major role in angiogenesis suppression in vivo. Our
finding further supports other studies that the expression level of endogenous TSP1 is
important in the regulation of the onset of tumor angiogenesis (Naumov et al., 2006b;
Rastinejad et al., 1989).

Transfection of TSP1 into human breast carcinoma cells decreased angiogenesis, tumor
growth, and metastasis in athymic nude mice (Leone et al., 1993; Pratt et al., 1989).
Immunohistochemical analysis of human breast cancers has shown increases in the levels of
TSP1 in stromal cells near carcinomas in situ but not in normal non adjacent breast tissue
(Weidner et al., 1992). These findings are accord with the hypothesis that TSP1 may be a
critical inhibitor of the angiogenic switch in tumor progression, since enhanced tumor
angiogenesis was associated with decreases in TSP1 (Bocci et al., 2003;Naumov et al.,
2006b; Rastinejad et al., 1989). Although we cannot eliminate the influence of other
possible methylation-silenced antiangiogenic genes (Hellebrekers et al., 2006), our findings
suggest that decreased TSP1 can result in accelerated tumor progression.

In conclusion, epigenetic modification repressed TSP1 expression in melanomas and 5-Aza-
dC by inhibiting DNMT1 activity restored TSP-1 expression. In vivo, 5-Aza-dC
significantly inhibited both tumor angiogenesis and subsequent tumor growth. This study
has thus extended prior studies of methylation of TSP1 by identifying pharmacologic
reversal of its silenced gene expression as having therapeutic impact through the functional
biological component of the tumorigenic process, angiogenesis. Although our focus was
TSP1, these results provide additional rationale for 5-AZA-dC in treating melanoma or other
solid tumors—in addition to previously recognized effects on genes influencing immune
response and apoptosis (Al-Romaih et al., 2007; Janson et al., 2008; Kaminski et al., 2004;
Manning et al., 2008; Reu et al., 2006a; Reu et al., 2006b; Saudemont et al., 2007; Sigalotti
et al., 2005; Spugnardi et al., 2003). Although further research is warranted to elucidate the
molecular abnormality that maintains DNMT1 overexpression in melanoma cells, these
studies confirm methylation of TSP1 in human melanomas and anti-angiogenic effects of an
inhibitor of methylation.

Lindner et al. Page 6

Matrix Biol. Author manuscript; available in PMC 2014 March 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Experimental Procedures
Cell line maintenance

Five melanoma cell lines, SK-MEL-1, SK-MEL-3, SK-MEL-28, A375, and WM164
(ATCC, Manassas, VA), were maintained in Dulbecco’s Modified Eagle Medium (Cellgro,
Manassas, VA) supplemented with 10% fetal bovine serum (PAA, New Bedford, MA) plus
1% nonessential amino acids and 1 mM sodium pyruvate (Cellgro). Normal human
melanocytes (Lonza, Walkersville, MD) were maintained in KBM basal medium plus
MGM-4 SingleQuote kits (Lonza). A375 0121.P cells (stable shRNA-TSP1 knockdown)
and A375 NS.p cells (vector control cells) were maintained in Advanced MEM (Gibco,
Invitrogen, Carlsbad CA) supplemented with 10% fetal bovine serum plus 2 mM L-
glutamine (Cellgro); TSP1 knockdown was confirmed by ELISA (Trapp et al., 2010).

Tissue collection
Melanoma and nevi specimens were obtained from patients who underwent surgical
resection. These specimens were formalin fixed and embedded in paraffin. Each patient
provided written informed consent.

Chemicals and antibodies
5-Aza-dC was purchased from Sigma-Aldrich (St. Louis, MO). Primary mouse anti-TSP1
monoclonal antibody was purchased from Neomarkers (Thermo Fisher Scientific, Fremont,
CA), rabbit anti-DNMT1 polyclonal antibody from Abcam (Cambridge, MA), and mouse
anti-β-actin monoclonal antibody from Bio-Rad (Hercules, CA). Secondary horseradish
peroxidase-conjugated goat anti-rabbit IgG(H+L) and horseradish peroxidase-conjugated
goat anti-mouse IgG(H+L) were purchased from Bio-Rad.

5-Aza-dC treatment
Melanoma cell lines were treated with 0.2 µM of 5-Aza-dC daily for 4 and 8 days. The
medium and the 5-Aza-dC were refreshed every day. Cells were confluent at time of
harvest.

DNA extraction, RNA isolation, and cDNA synthesis
Genomic DNA was extracted from melanoma cell lines and formalin-fixed paraffin-
embedded specimens using MasterPure DNA Purification Kit (Epicentre Biotechnologies,
Madison, WI). Cells were confluent at time of harvest. Total RNA was isolated from control
and 5-Aza-dC-treated melanoma cells using TRIzol (Invitrogen, Carlsbad, CA) according to
the manufacturer’s instructions. The cDNA was synthesized using Superscript III Reverse
Transcriptase kit (Invitrogen).

Real-time PCR
To measure mRNA expression levels of TSP1, quantitative real-time PCR was performed.
TaqMan primer probes for TSP1, GAPDH, and Universal PCR Master Mix were purchased
from Applied Biosystems (Foster City, CA). Real-time PCR was carried out on an ABI 7500
Real Time PCR System (Applied Biosystems). The fold change expression of each gene was
represented as relative expression to the corresponding control after normalization to
GAPDH.

Methylation-specific polymerase chain reaction (MSP)
Genomic DNA extracted from control and 5-Aza-dC-treated melanoma cell lines was
modified with sodium bisulfite following the manufacturer’s instructions (Zymo Research,
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South San Francisco, CA). Cells were confluent at time of harvest. This modification
resulted in a conversion of unmethylated cytosine to thymine, whereas methylated cytosine
remained unchanged. Converted DNA was screened at promoter regions of TSP1 by MSP.
When CpG sites were methylated, the M (methylation-specific PCR product) band was
present. If the sites were unmethylated, the U (unmethylation-specific PCR product) band
was present. If the sites were partially methylated, both bands were present. The CpG-rich
region of TSP1 promoter, which was located in the 5’ regulatory regions of this gene, was
analyzed by MSP. The primers designed for promoter region were as follows: 1)
Methylated: sense 5’- TGCGAGCGTTTTTTTAAAAGTGC-3’, and antisense 5’-
TAAACTCGCAAACCAACTCG-3’; Unmethylated: sense 5’-
GAATGTGAGTGTTTTTTTAAAAGTGTG-3’, and antisense 5’-
CCTAAACTCACAAACCAACTCAA-3’.

Bisulfite sequencing
Bisulfite-modified DNA was subjected to PCR amplification and directly sequenced using
the ABI 3100 automated sequencing system (Applied Biosystems). The primer for bisulfite
sequencing was designed to be complementary to DNA fragment containing no CpG
dinucleotides, thus allowing unbiased amplification of methylated and unmethylated alleles.
The primers were as follows: sense 5’- GGGTTTTTTTAGGTGGTTTTTTTAG-3’ and
antisense 5’- AAACCAATCTAAACTCCTCTCTCC.

Western blot analysis
Western blot analysis was performed to measure protein expression of TSP1, DNMT1, with
β-actin as a loading control. Whole-cell lysates were prepared using RIPA lysis buffer
(Sigma) containing 1% protease inhibitor cocktail V (Calbiochem, Gibbstown, NJ). Cells
were confluent at time of harvest. Total protein concentration was quantified using Protein
Assay kit (Bio-Rad). Total protein (50 µg) was separated by electrophoresis on 7% SDS-
polyacrylamide gels. Proteins were then transferred onto PVDF membranes (Millipore,
Bedford, MA). To inhibit nonspecific binding, membranes were blocked with 5% nonfat dry
milk in 1× TBST (Bio-Rad) for 1 h at 25°C. Blots were incubated with primary antibody for
16 h at 4°C. After washing with 1× TBST, membranes were incubated with horseradish
peroxidase-conjugated secondary antibody for 2 h at 25°C. Membranes were incubated with
enhanced chemiluminescence (ECL) reagent (Perkin-Elmer, Boston, MA) after washing.
The signals were normalized to the corresponding endogenous β-actin as control.

TSP-1 Immunoassay
TSP-1 levels were measured using the Quantikine Human Thrombospondin-1 immunoassay
kit (R&D Systems, Minneapolis, MN) according to manufacturer’s instructions. Cell culture
supernates (conditioned medium) were collected from sub-confluent monolayers of silenced
(shTSP1) and non-silenced (SCR) A375 cells, centrifuged, and filtered to remove cellular
debris. The respective monolayers were then lysed using RIPA buffer (Sigma, St. Louis,
MO), and protein concentrations were determined using the Bio-Rad protein assay (Bio-Rad
Laboratories, Inc. Hercules, CA). Cell culture supernates and protein lysates were stored at
−80C until analysis. The background level of TSP-1 in culture medium was determined
using medium not exposed to cells.

Immunohistochemistry
Staining for intratumoral blood vessels was performed on formalin fixed paraffin embedded
sections processed on a Ventana Benchmark automated immunostainer (Ventana Medical
Systems, Inc., Tucson, Arizona) utilizing a Ventana iVIEW DAB Detection kit. Primary
antibody, rabbit anti-mouse PECAM-1 (CD31) (#sc-1506, Santa Cruz Biotechnology, Inc.)

Lindner et al. Page 8

Matrix Biol. Author manuscript; available in PMC 2014 March 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



was diluted 1:100. Goat anti-rabbit biotinylated secondary antibody (Vector Laboratories,
Burlingame, CA) was used at 1:200. DAB (brown colored) positive vessels were manually
counted on a reticule grid and expressed as vessels per mm2.

In vivo angiogenesis assay
A375 melanoma cells were exposed to 0.2 µM 5-Aza-dC in vitro daily for 4 days, with
medium and drug refreshed every day. Four million viable cells were inoculated
intradermally into the left and right flanks of 6-week-old athymic nude mice (Taconic,
Germantown, NY). Three days after inoculation, mice were sacrificed via injection of 0.5 ml
of avertin intraperitoneally (i.p.). The radially oriented blood vessels contacting the
periphery of the tumor were counted by an observer blinded to treatments, and tumor
volumes were measured. Similar analysis was performed for A375 0121.P cells (shTSP1,
stable TSP1 knockdown) and A375 NS.p cells (scrambled, SCR, vector control), but these
cells were not treated with Aza-dC.

In vivo anti-tumor activity of 5-Aza-dC
One million A375 cells were inoculated intradermally into the flanks of 6-week-old athymic
nude mice on day 0. When mean tumor volume was approximately 2 mm3, mice received 30
mg/kg 5-Aza-dC or PBS i.p. daily for 7 days in experiments utilizing WT A375 (Fig. 5A).
In experiments utilizing sh-TSP1-A375 and SCR-A375 cells, mice received treatment five
days per week for three weeks (Fig. 5E). Tumor volume was measured three times per week.
On day 10, mice were killed via injection of 0.5 ml of avertin i.p. The blood vessels at the
periphery of the tumor were counted as described above, and tumor volumes were measured
by the formula V= (4/3)πab2, where a=major tumor radius, b=minor tumor radius.
Statistical significance was determined by Student’s t-test.

Data analysis
The difference in methylation frequency between benign lesions (nevi) and malignant
melanoma tissues was evaluated for statistical significance using the Fisher’s exact test.
P<0.05 was deemed as statistically significant.
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Highlights

Thrombospondin-1, an inhibitor of angiogenesis, is methylated in several malignancies.>
Pharmacologic reversal of methylation can inhibit angiogenesis in malignant melanoma.
> Knockdown of TSP-1 enhances melanoma angiogenesis in a xenograft model.
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Figure 1.
Western blot analysis of DNMT1 levels during and after 5-Aza-dC treatment. (A) Cells
were treated with 0.2 µM 5-Aza-dC daily for 4 and 8 days with medium and 5-Aza-dC
refreshed every day. Whole-cell lysates were prepared from treated and untreated control
cells. DNMT1 detection was performed using polyclonal rabbit anti-human DNMT1
antibody. Anti-β-actin antibody served as the loading control. (Ct) is untreated control;
(NHM) is normal human melanocytes. (B) WM164 cells were treated with 0.2 µM 5-Aza-
dC daily for 8 days, then cells were allowed to grow for an additional three days without
treatment. DNMT1 protein levels in WM164 cells before, during, and after 5-Aza-dC
treatment were analyzed by Western blotting. (C) The relative mRNA expression of TSP1 in
WM164 cells was analyzed using a TaqMan probe. GAPDH served as endogenous control.
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Figure 2.
Methylation analysis of TSP1 promoter regions. Genomic DNA isolated from 5-Aza-dC
treated and untreated melanoma cell lines and normal melanocytes was bisulfite modified.
The methylation status was analyzed by MSP. (A) Map of CpG-rich promoter region
analyzed by MSP. (B) CpG-rich promoter region (−45 to +34, relative to transcription start
site) methylation status. The presence of only the M band indicated complete methylation;
the presence of only the U band indicated an unmethylated state; the presence of both M and
U bands indicated partial methylated state. (Ct) is DNA from untreated control cells; (4d) is
DNA from cells treated with 0.2 µM 5-Aza-dC daily for 4 days; (8d) is DNA from cells
treated with 0.2 µM 5-Aza-dC daily for 8 days. (C) Direct bisulfite sequencing (−338 to
−97) using bisulfite-modified genomic DNA from normal melanocytes (NHM) and 5-Aza-
dC treated and untreated WM164 melanoma cells and. Black arrows indicate CpG sites.
Results are representative of three different experiments.
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Figure 3.
Effect of 5-Aza-dC on TSP1 mRNA and protein expression. (A) Total RNA was isolated
from untreated control cells and 5-Aza-dC-treated cells (4 and 8 days). The relative
expression of TSP1 mRNA was analyzed using a TaqMan probe. GAPDH served as
endogenous control. (B) Western blot analysis. Whole-cell lysates were prepared from
untreated control cells (Ct) and 5-Aza-dC-treated cells (4 and 8 days). The expression of
TSP1 protein was detected using monoclonal mouse anti-TSP1 antibody. Anti-β-actin
antibody served as control. Results are representative of three independent experiments.

Lindner et al. Page 16

Matrix Biol. Author manuscript; available in PMC 2014 March 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Lindner et al. Page 17

Matrix Biol. Author manuscript; available in PMC 2014 March 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Lindner et al. Page 18

Matrix Biol. Author manuscript; available in PMC 2014 March 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
In vivo angiogenesis assay. 5-Aza-dC treated or untreated control A375 cells were
inoculated into the dermis of nude mice. (A) Tumor inoculation sites from treated A375
cells had a reduction in vessel counts compared with controls 72 h post inoculation. (B) The
number of blood vessels was significantly reduced in tumors established from treated A375
cells compared with those from controls 72 h post inoculation (left panel) (*P=0.003).
Tumor vessels were evaluated in a 6×6 mm area centered on the tumor mass. There was no
significant difference in tumor volume between treated and control tumors (right panel)
(*P=0.53). (C) Western blot analysis indicated that 5-Aza-dC-treated A375 tumors had
higher levels of TSP1 and lower levels of DNMT1 than controls. The results represent two
independent experiments. (D) The number of blood vessels was significantly increased in
tumors generated from shRNA-TSP1 cells (left) (P=0.0074) without an increase in tumor
volume (right) (P=0.31). Immunohistochemical detection of tumor micro-vasculature using
anti-CD31 antibodies in A375 xenografts expressing shTSP1 RNA (E-G) and scrambled
RNA (H-J). TSP1 protein levels were determined in cultured SCR-A375 cells and shTSP1-
A375 cells. TSP1 levels were approximately 10- fold higher in conditioned medium (K)
compared to cell lysates (L).
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Figure 5.
In vivo anti-tumor activity of 5-Aza-dC. A375 melanoma cells were inoculated into the
flanks of nude mice on day 0. Treatment of 5-Aza-dC (30 mg/kg i.p.) was initiated at day 3
and continued daily for 7 days. (A) Tumor volume was monitored every two days after 5-
Aza-dC injection. Each data point represents 12 tumors. (B) Tumor volume was
significantly reduced after 7 days of 5-Aza-dC treatment (*P=0.024). Tumor vessels were
evaluated in a 6×6 mm area centered on the tumor mass. (C) The number of blood vessels
around the tumors was significantly decreased (*P=0.0003). (D) MSP analysis of TSP1
promoter region in tumors derived from control (C1-6) and 5-Aza-dC treated (D1-6) A375
xenografts. The results represent three independent experiments. (E) A375 cells stably
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transfected with SCR (circles) or sh-TSP1 (squares) were inoculated into nude mice that
were subsequently treated with vehicle (white squares and circles) or 5-Aza-dC (black
squares and circles) as in (A).
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Figure 6.
Methylation status of TSP1 promoter region in melanoma and nevi samples. MSP analysis
of promoter region in melanomas (A) and nevi samples (B). (C) Summary of
hypermethylation frequency in TSP1 promoter region.
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