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Abstract

Background: Despite therapeutic advances in targeted therapy, metastatic renal cell carcinoma (RCC) remains
incurable for the vast majority of patients. Key molecular events in the pathogenesis of RCC include inactivation of
the VHL tumour suppressor gene (TSG), inactivation of chromosome 3p TSGs implicated in chromatin modification
and remodelling and de novo tumour-specific promoter methylation of renal TSGs. In the light of these
observations it can be proposed that, as in some haematological malignancies, demethylating agents such as
azacitidine might be beneficial for the treatment of advanced RCC.

Results: Here we report that the treatment of RCC cell lines with azacitidine suppressed cell proliferation in all 15
lines tested. A marked response to azacitidine therapy (>50% reduction in colony formation assay) was detected in
the three cell lines with VHL promoter methylation but some RCC cell lines without VHL TSG methylation also
demonstrated a similar response suggesting that multiple methylated TSGs might determine the response to
demethylating therapies. To identify novel candidate methylated TSGs implicated in RCC we undertook a combined
analysis of copy number and CpG methylation array data. Candidate novel epigenetically inactivated TSGs were
further prioritised by expression analysis of RCC cell lines pre and post-azacitidine therapy and comparative
expression analysis of tumour/normal pairs. Thus, with subsequent investigation two candidate genes were found
to be methylated in more than 25% of our series and in the TCGA methylation dataset for 199 RCC samples: RGS7
(25.6% and 35.2% of tumours respectively) and NEFM in (25.6% and 30.2%). In addition three candidate genes were
methylated in >10% of both datasets (TMEM74 (15.4% and 14.6%), GCM2 (41.0% and 14.6%) and AEBP1 (30.8% and
13.1%)). Methylation of GCM2 (P = 0.0324), NEFM (P = 0.0024) and RGS7 (P = 0.0067) was associated with prognosis.

Conclusions: These findings provide preclinical evidence that treatment with demethylating agents such as
azacitidine might be useful for the treatment of advanced RCC and further insights into the role of epigenetic
changes in the pathogenesis of RCC.
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Background
Aberrant DNA methylation, in particular promoter
hypermethylation and transcriptional silencing of tumour
suppressor genes (TSGs), has an important role in the de-
velopment of many human cancers including renal cell
carcinoma (RCC), which accounts for approximately 2%
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of all cancers and is diagnosed in >200,000 individuals in
the world each year [1-3]. Most RCC cases (approximately
75%) are classified as clear-cell (conventional) RCC
(cRCC), and the most common genetic event in the evolu-
tion of sporadic cRCC is inactivation (by mutation, allele
loss or promoter methylation) of the von Hippel-Lindau
(VHL) TSG [4-7]. VHL inactivation leads to stabilization
of the hypoxia-inducible transcription factors (HIF)-1 and
HIF-2 and activation of a wide repertoire of hypoxia re-
sponse genes [8,9]. Although the VHL mutations in pri-
mary clear-cell RCC were first described 20 years ago,
until recently, attempts to identify other frequently
mutated RCC genes had generally been disappointing.
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However the application of large candidate gene re-
sequencing and exome re-sequencing strategies to
sporadic RCC has led to the identification of several
frequently mutated TSGs. Thus, mutations in PBRM1,
which encodes a chromatin remodeling complex sub-
unit, were detected in approximately 40% of RCC [10]
and mutations in genes for other chromatin modifiers
have also been described, such as SETD2, KDM6A/
UTX and BAP1 [11-13]. In addition, we and others
have sought to investigate the role of de novo TSG pro-
moter hypermethylation in the pathogenesis of RCC
and evidence for tumour-specific promoter region
hypermethylation has been reported for >60 candidate
TSGs (see [2] and references within). Notably, certain
important TSGs (for example, RASSF1A) are frequently
methylated but infrequently mutated [14,15].
There are no curative therapies for metastatic RCC

and an important rationale for cancer genomic and
epigenomic studies is to provide a basis for the devel-
opment of novel therapies for advanced disease. The
identification of frequently mutated and methylated
RCC TSGs could highlight critical pathways that might
be targeted for therapeutic intervention but, if de novo
promoter methylation of candidate RCC TSGs plays a
significant part in renal oncogenesis, it can be proposed
that reversal of promoter methylation would reduce
RCC cell proliferation. Demethylating agents such as
azacitidine (5-aza-cytidine/Vidaza) and decitabine (5-aza-
2’-deoxycytidine/Dacogen) have been used with some
success to treat myelodysplastic syndrome and acute mye-
logenous leukaemia [16] and are being investigated for the
treatment of solid tumours (for example, of the breast and
colon) [17].
Given the key role of the VHL TSG inactivation in

RCC we investigated whether the response of RCC cell
lines to treatment with the demethylating agent
azacitidine was dependent on VHL methylation status.
We found that azacitidine treatment suppressed the
growth of RCC cell lines but the response to azacitidine
was not restricted to VHL methylated cell lines, and so
to identify novel epigenetically inactivated candidate
TSGs for RCC we proceeded to analyse the results of
combined copy number and methylation profiling on
primary RCC tumours, and investigate whether methyla-
tion of such genes was associated with survival.

Results
In vitro dose-response relationships for azacitidine
treatment and promoter region hypermethylation
To determine the effects of treatment with escalating
doses of azacitidine (control, 0.3 μM, 1 μM, 3 μM) on
in vitro cell growth, colony formation assays were under-
taken with fifteen RCC cell lines (three with VHL pro-
moter region methylation (SKRC54, 769-P and A704)).
After initial optimisation experiments, cells were seeded
at 1 in 2,000 dilution and maintained in DMEM and
10% fetal bovine serum; surviving colonies were counted
14 to 21 days after initial seeding.
The results of the colony formation assays are

displayed in Figure 1. Compared to controls, treatment
with 3 μM azacitidine reduced the number of colonies
formed in each cell line to varying degrees ranging from
>90% reduction in 769-P to <20% reduction in CAL54.
However the sensitivity to lower doses of azacitidine was
variable with some cell lines demonstrating no effects at
the lowest 0.3 μM azacitidine doses (for example, 786-O,
SKRC45, RCC4 and RCC11), while four cell lines,
SKRC18, A704, 796-P and A498, demonstrated a 50% or
greater reduction at both 1 μM and 3 μM azacitidine.
Effect of azacitidine on anchorage-independent growth of
RCC cell lines
The effect of 3 μM azacitidine on anchorage-independent
growth of seven RCC cell lines was assessed in soft agar
assays (the remaining cell lines did not grow in soft agar).
In all cases treatment with 3 μM azacitidine reduced
anchorage-independent growth (as assessed by number of
colonies >100 μm) (Figure 2A and B). The median reduc-
tion (relative to control) in number of colonies was 49.7%
(range 27.6 to 96.9%). The only cell line from the four
most azacitidine-sensitive lines that could be assessed,
769-P also demonstrated the greatest degree of reduction.
Relationship between CpG methylation profiling of
human cancer genes and RCC cell line growth response
to azacitidine treatment
The Illumina GoldenGate Methylation Cancer Panel I
array provides quantitative CpG methylation data at
1,505 individual CpG dinucleotides associated with 807
human genes (with enrichment for candidate TSGs
methylated in human cancers). In order to profile pat-
terns of RCC-specific candidate TSG methylation after
excluding genes methylated in normal kidney tissue (in-
cluding X-chromosome genes), cluster analysis was
performed to group the RCC cell lines according to
methylation profiling results (see Figure 2C). This pro-
duced two major clusters. The first cluster contained five
cell lines and included three of the four of the most
azacitidine-sensitive lines (SKRC18, A704 and A498, but
not 769-P (Figure 2C, grey boxes)), though the other two
lines in this cluster, CAKI-2 and RCC11, demonstrated
much milder responses to azacitidine. The three cell lines
with the greatest (>50%) reduction in anchorage-
independent colony formation, SKRC45, CAKI-1 and
769-P were in the second major cluster and apparently did
not demonstrate a strong hypermethylation phenotype
(Figure 2C, red boxes).
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Figure 1 Azacitidine treatment and growth of renal cell carcinoma (RCC) cell lines. Effects of escalating doses of azacitidine on colony
formation (absolute numbers of colonies) for 15 RCC cell lines. Treatment with 3 μM azacitidine reduced the colony-forming potential of all RCC
cell lines. However, at lower doses the effect varies markedly between cell lines.
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Copy number and CpG methylation array analysis of
sporadic primary RCCs
Copy number analysis of 46 primary sporadic RCCs
demonstrated multiple regions of chromosomal abnor-
mality in the tumour genomes. Large-scale deletions of
statistical significance were observed at 1p/1q, 3p, 6p/6q,
8p, 9p/9q and 14q, and large-scale amplifications/dupli-
cations of statistical significance were observed at 5p/5q,
7p/7q, 8q and 20p/20q (Figure 3). These results were
largely in agreement with previous similar studies that
had highlighted chromosomal deletions at 3p, 14p, 8p,
6q, 9p and 4p [18], and losses in these regions occurred
at 74, 36, 24, 20, 19 and 13% of tumours respectively,
whereas previously published chromosomal amplifica-
tions/duplications include 5q and 7 and these occurred
in 43 and 26% of cases respectively (Additional file 1:
Table S1).
In any given tumour a gene could be inactivated or

lost by either copy number alterations, promoter methy-
lation, somatic mutation or a combination of these fac-
tors and others. It is reasonable to hypothesize that
genes that reside within areas of copy number variation
and are frequently methylated may represent genes with
important roles in tumourigenesis. In this study these
were considered two independent mechanisms and were
not assessed in combination. Thus, to identify genes
demonstrating frequent tumour-specific promoter re-
gion methylation (using criteria of six or more tumours
with β-values ≥0.33 and β-values <0.25 in all nine nor-
mal samples) that mapped within the previously de-
scribed statistically significant regions of copy number
abnormalities, we reanalysed the results of tumour CpG
methylation profiling using the Illumina Infinium
HumanMethylation27 array [19]. There were 126 genes
that satisfied the selection criteria: 72 mapped within the
common chromosome deletion regions (1p/1q (n = 24),
3p (n = 5), 6p/6q (n = 23), 8p (n = 4), 9p/9q (n = 5)
and 14q (n = 11) and 54 to the common amplified/du-
plicated chromosome regions (5p/5q (n = 18), 7p/7q
(n = 16), 8q (n = 11) and 20p/20q (n = 11) (Figures 4A
and 5A, and Additional file 2: Figures S1A-D and
Additional file 3: Figure S2A-B). Four genes (DLEC1,
COL1A2, FBN2 and TNFRSF10C) that satisfied the se-
lection criteria were investigated in our previous study
[19] and thus removed from this study.
To prioritise the 122 candidate novel methylated genes

for further investigation we interrogated our previously
reported data on gene expression post 5-aza-cytidine
treatment in RCC cell lines [2] and identified those
candidate methylated genes whose expression was
upregulated after 5-aza-cytidine treatment, at least 8-
fold in two cell lines or ≥8-fold in one cell line and ≥4-
fold in at least another two cell lines. This refined the
candidate gene list down to 37 genes: 19 genes on the
deleted chromosomes (1p/1q (n = 9), 6p/6q (n = 3), 8p
(n = 2), 9p/9q (n = 1) and 14q (n = 4)) and 18 genes on
the amplified/duplicated chromosomes (5p/5q (n = 7),
7p/7q (n = 4), 8q (n = 4) and 20p/20q (n = 3))
(Figures 4A and 5A, and Additional file 2: Figure S1A-D
and Additional file 3: Figure S2A-B). To determine
whether tumour-specific promoter methylation was
associated with suppression of gene expression in pri-
mary tumours, RT-PCR was performed on 15 tumours
and their associated normal pairs for the 37 genes
selected for further investigation. Five genes demon-
strated complete loss or downregulation of expression in
at least 20% of RCC tumours (GCM2 (80% of RCC),
RGS7 (46.7%), TMEM74 (46.7%), NEFM (20%) and
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Figure 2 Azacitidine treatment reduces the anchorage independent growth of renal cell carcinoma (RCC) cell lines. (A) Pre-treatment
with 3 μM azacitidine resulted in reduction of anchorage-independent growth in all seven RCC cell lines tested. Other cell lines did not grow
suspended in agar. Error bars represent standard error. (B) Representative images (6 weeks after seeding in agar) of control colonies and colonies
formed after azacitidine pre-treatment. (C) Illumina GoldenGate Methylation Cancer Panel I Beadarray cluster analysis results of RCC cell lines. The
four cell lines, SKRC18, A704, 796-P and A498 that demonstrated a 50% or greater colony reduction at both 1 μM and 3 μM azacitidine doses are
highlighted with grey boxes. The three cell lines with the greatest (>50%) reduction in anchorage-independent colony formation, SKRC45, CAKI-1
and 769-P, are highlighted with red boxes.
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AEBP1 (20%)) (Table 1, Figures 4B and 5B-C). GCM2,
RGS7 and NEFM were located in regions of deletion and
TMEM74 and AEBP1 in copy number gain regions
(Table 1, Figures 4A and 5A, and Additional file 2:
Figure S1A,C and Additional file 3: Figure S2B).
To replicate these findings we investigated whether
the five candidate methylated genes (GCM2, RGS7,
TMEM74, NEFM and AEBP1) were also methylated in
the 199 tumour and normal pairs analysed on the same
platform (Illumina HumanMethylation27 array) by the
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Cancer Genome Atlas (TCGA) Kidney renal clear cell
carcinoma (KIRC) project. A difference in β-value of
0.3 or greater between tumour and normal tissue was
taken to represent a significant increase in methylation.
In the TCGA data the frequency of methylation for
RGS7 was 35.2% (Birmingham series methylation fre-
quency = 25.6%), for NEFM it was 30.2% (versus 25.6%),
for TMEM74 it was 14.6% (15.4%), for GCM2 it was
14.6% (versus 41%) and for AEBP1 it was 13.1% (30.8%)
(Figure 6 and Additional file 4: Figure S3). Clinical data
were available for most (193/199) of the TCGA samples
and we therefore investigated whether the methylation
status of GCM2, RGS7, TMEM74, NEFM and AEBP1
correlated with clinical characteristics (Additional file 5:
Table S2). Methylation at GCM2 (P = 0.0324), NEF3/
NEFM (P = 0.0024) or RGS7 (P = 0.0067) was
significantly associated with survival (Figure 7A and
Additional file 6: Figure S4). The combined effect of the
presence of methylation in all genes demonstrated a
better association with survival (P <0.0001) and the
combination of any two also being significantly associ-
ated (P = 0.0027) (Figure 7B).

Discussion
Demethylating agents such as azacitidine or decitabine
have been used successfully for the treatment of haem-
atological neoplasias, such as acute myeloid leukaemia,
chronic myelomonocytic leukaemia (CMML) and the
preleukaemic disorder myelodysplastic syndrome [16].
Additionally, usage of these demethylating agents is be-
ing extended to solid tumours in clinical trials and the
National Institutes of Health (NIH) currently have active
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trials for azacitidine in non-small cell lung cancer and
squamous cell head and neck cancer, and for decitabine
in ovarian cancer and melanoma (http://clinicaltrials.
gov). Currently, epigenetic abnormalities are being
recognised as a prominent feature of RCC. Thus, muta-
tions in genes implicated in chromatin remodelling and
modification such as PBRM1, SETD1, KDM6A/UTX and
BAP1 have recently been shown to be frequently found
in RCC [10-13] and more than 60 candidate TSGs have
been reported to demonstrate promotor region methyla-
tion in RCC [2] (and references within). In our in vitro
studies of RCC cell lines we found that treatment with
azacitidine reduced cell growth, in both colony forma-
tion assays and soft agar assays, in all cell lines tested.
These findings are consistent with two previous studies
in RCC cell lines. Thus Alleman et al. [20] treated four
RCC cell lines (with promoter methylation and loss of
expression of VHL) with 5-aza-2′-deoxycytidine and
demonstrated re-expression of VHL and reduced size of
xenografted tumours. In addition, Negrotto et al. [21]
reported that non-cytotoxic doses of decitabine adminis-
tered to four RCC cell lines (SKRC29, SKRC45, ACHN
and RENCA) decreased proliferation of RCC cells (in
in vitro and in vivo assays) but not normal kidney epi-
thelial cells. In our studies the reduction in cell growth
was variable with some cell lines showing reduction at
lower doses and marked variations in relative response
(compared to untreated growth) to 1 μM and 3 μM
azacitidine. Each of the cell lines with VHL TSG pro-
moter methylation demonstrated a marked (>50%) re-
duction in growth in the colony formation but an
association between VHL methylation and response to
azacitidine was not statistically significant (P = 0.077).
Given the critical role of VHL inactivation in RCC, a
marked response to demethylating therapy in cell lines
with VHL hypermethylation might not appear unex-
pected, and indeed, preferential effects of 5-aza-2′-
deoxycytidine treatment of VHL-methylated versus

http://clinicaltrials.gov
http://clinicaltrials.gov
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Table 1 RT-PCR analysis for selected genes in chromosomal regions of deletion or amplification/duplication in primary
RCC tumours and associated normal tissue

Deletions

Chromosome Potential tumour specifically inactivated genes

Tum Exp. Lost/Tum. Exp. Down-regulated/Tum. Exp. Normal or Up-regulated (Percentage of lost/down-regulated)

Chromosome 1 CHD5 TNFRSF1B KIF17 UQCRH GPX7

0/1/14 (6.7%) 0/0/15 (0.0%) 0/0/15 (0.0%) 0/0/15 (0.0%) 0/0/15 (0.0%)

TTC22 PDE4DIP RGS7 TRIM58

1/1/13 (13.3%) 0/0/15 (0.0%) 3/4/8 (46.7%) 0/2/13 (13.1%)

Chromosome 6 GCM2 HIST1H3G HIST1H4H

8/0/2 (80.0%) 0/0/15 (0.0%) 0/0/15 (0.0%)

Chromosome 8p GATA4 NEFM

1/0/8 (11.1%) 1/2/12 (20.0%)

Chromosome 14q EFS PTGDR C14orf39 FLRT2

0/1/14 (6.7%) 0/1/14 (6.7%) 1/0/8 (11.1%) 0/1/14 (6.7%)

Amplifications

Chromosome Potential tumour specifically inactivated genes

(Percentage of tumours in which gene expression is lost or down-regulated in brackets)

Chromosome 1 TWIST1 HOXA11 AEBP1 KLF14

1/0/13 (7.1%)1 0/2/13 (13.3%) 3/0/12 (20.0%) 0/2/13 (13.3%)

Chromosome 8p SOX17 CA3 ANGPT1 TMEM74

0/2/13 (13.3%) 0/3/12 (20.0%) 0/0/15 (0.0%) 4/3/8 (46.7%)
1Key= Tumour Expression Lost/Tumour Expression Down-regulated/Tumour Expression Normal or Up-regulated (Percentage of lost/down-regulated).
Genes in bold type (GCM2, RGS7 and NEFM) demonstrated complete loss or downregulation of expression in at least 20% of RCC tumours and were located in
regions of deletion.
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VHL-mutated but unmethylated cell lines were described in
in vivo studies [20]. However, previously re-expression of
pVHL in VHL-inactivated RCC cells has been reported to
suppress growth in in vivo but not in vitro assays [22,23]. It
is possible that the better response in VHL-methylated cell
lines might be because VHL-methyation is a marker for
other critical epigenetic changes that are reversed by treat-
ment with azacitidine. However, there were no apparent
clear correlations between response to azacitidine and the
grouping of RCC cell lines according to their methylation
array profiles (although this only represents a subset of
CpGs) or cell-line population doubling-time.
In order to expand the catalogue of frequently methyl-

ated candidate TSGs in RCC we undertook an analysis
of copy number and CpG methylation profiling of spor-
adic RCC. Previously we reported an analysis of the CpG
methylation analysis data [19] but for this reanalysis we
concentrated on the methylation status of genes within
regions that demonstrated copy number abnormalities.
One caveat to this methodology is the interpretation of
deletions or amplifications at centromeric and telomeric
regions where enrichment for variable non-tandem re-
peats have been shown to harbour hotspots of natural
variation in the normal population [24-26]. For this
study we only considered large, common deletions or
amplifications that had been previously observed rather
than smaller focal alterations to avoid this. When hunt-
ing for novel TSGs, chromosomal regions that demon-
strate copy number loss in cancer have traditionally
been prioritised, whereas regions of copy number gain
are highlighted in the search for proto-oncogenes. How-
ever, we decided to focus on both regions of copy num-
ber gain and loss, as we reasoned that if a region of copy
number gain provided a growth advantage for a cancer
cell there might need to be concurrent inactivation of
TSGs within that region of amplification to gain the full
benefit. Indeed, two of the five novel candidate TSGs
(TMEM74 and AEBP1) that we focused on mapped
within regions of copy number gain. These five genes
represent a diversity of functions. AEBP1 (the adipocyte
enhancer binding protein 1) is a transcriptional repres-
sor with carboxypeptidase (CP) activity. AEBP1 may
regulate mitogen-activated protein (MAP)-kinase activity
and has been reported to be methylated in rat prostate
cancer lines [27]. GCM2 is homologous to the Drosoph-
ila glial cells missing gene and encodes a transcription
factor implicated in parathyroid gland development, and
mutations in GCM2 have been reported in familial
hypoparathyroidism [28,29]. NEFM encodes the medium
neurofilament protein and has been reported previously



Figure 6 Assessment of selected methylated Infinium Methylation27 probes in the Cancer Genome Atlas (TCGA) tumour and
associated normal pairs. These in-scale diagrams map the position of the Infinium Methylation27 microarray probes for three of the five
selected genes, GCM2, RGS7, NEFM, in relation to their CpG island and first exon(s). The probes selected for by this analysis are coloured red. For
each probe there is a graph of the average β-values for both the tumour and the associated normal with the 199 tumour/associated normal
TCGA samples split into those designated methylated or unmethylated. Methylated samples were defined as having an increase in β-value of 0.3
or greater within the tumour compared to the associated normal. The number and percentage of methylated and unmethylated samples are
shown, with those demonstrating significant tumour-specific methylation coloured in red.
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to be methylated in pancreatic cancers and astrocytoma
[30,31]. The regulator of G-protein signalling (RGS)
pathway has been reported to play a role in signalling
transduction and carcinogenesis and a RGS7 single
nucleotide polymorphism (SNP) has previously been
reported to be associated with survival in non-small cell
lung cancer patients treated with chemoradiotherapy
[32]. TMEM74 is known to regulate autophagy and
though it has not been implicated previously in RCC, it
is interesting to note that the tumour suppressor activity
of the VHL TSG has been linked to regulation of au-
tophagy [33-35].
A feature of the present study is that we were able to

corroborate our CpG methylation profiling results with
those generated by the TCGA on the same platform.
However, though the direct assay of CpG methylation fa-
cilitates the identification of possible epigenetically
inactivated TSGs, we have demonstrated previously that
this strategy is not entirely specific as some genes with
apparent tumour-specific methylation are not confirmed
on further analysis [19]. Hence, it is necessary to com-
bine, as in the current study, high-throughput methy-
lation profiling assays with confirmatory assays and
investigations to confirm transcriptional silencing. Ha-
ving pursued such investigations we were able, in the
knowledge that the probes used to detect methylation
were accurate, utilise the TCGA data to look for
correlations between gene-specific methylation and



Figure 7 Kaplan-Meier survival curves for the Cancer Genome Atlas (TCGA) samples dependent on the methylation of the selected
gene probes. (A) These Kaplan-Meier survival curves demonstrate the difference in survival between methylated and unmethylated tumours for
individual gene probes for GCM2, NEFM and RGS7. (B) These Kaplan-Meier survival curves demonstrate the difference in survival between
methylated and unmethylated tumours for methylation of all three or two or more of these genes (B).
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survival. We found significant correlations between
survival and methylation at GCM2, NEFM and RGS7.
De novo tumour-specific promoter methylation repre-
sents an attractive target for developing biomarkers,
as methylated tumour DNA can be detected in plasma
and urine [36,37] and the methodology to detect CpG
promoter TSG methylation is more straightforward
than that required to detect the wide variety of in-
activating mutations that usually occur in TSGs.
Hence, the identification of methylated candidate
TSGs that are associated with prognosis will facilitate
the development of a repertoire of biomarkers that
might be used to stratify RCC into tumours with
good or poor prognosis.
Conclusions
Previously we and others have reported evidence that
the frequency of TSG methylation is not equally distrib-
uted across RCC and that a subset of tumours may
manifest high levels of TSG methylation [19,38,39].
We did not find a correlation between the methylation
profile of RCC cells lines and response to epigenetic
therapy but it could be that more comprehensive methy-
lation profiling is required to uncover such an effect. Al-
ternatively it could be that therapeutic response to
demethylating agents is determined by the methylation
status of a number of key genes. Given the large number
of candidate TSGs reported to be methylated in RCC
and the relatively small number of available RCC cell
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lines it is clear that it will be difficult to reliably identify
key genes whose methylation status could predict re-
sponse to epigenetic therapies. Our results suggest that
epigenetic therapies might provide an additional treat-
ment option for metastatic RCC that is unresponsive to
standard management options. In order to develop pre-
dictors of likely response to epigenetic therapies in RCC
it is important that whenever possible, data on the
methylation status of renal TSGs (for example,VHL) are
collected on patients with advanced RCC who receive
such therapy.

Methods
RCC cell lines, tumours and azacitidine treatment
Fifteen RCC cell lines (SKRC18, SKRC39, SKRC45,
SKRC47, SKRC54, RCC4, RCC11, 786-O, 796-P, A704,
A498, KTCL26, CAL54, CAKI-1 and CAKI-2) were
maintained in DMEM (Invitrogen, San Diego, CA, USA)
supplemented with 10% FCS at 37°C, and 5% CO2. The
demethylating agent azacitidine was freshly prepared in
ddH2O and filter-sterilized.
DNA was extracted from sporadic RCC as described

previously [19]. All participants gave informed written
consent for research studies and the study was conducted
according to the principles expressed in the Declaration of
Helsinki and was approved by the relevant Institutional
Review Board/Ethics committees. RNA was extracted for
15 patients where sufficient matched RCC tumour and
normal tissue was available. Total RNA was isolated from
both using RNA-Bee reagent following the manufacturer’s
instructions (AMS Biotechnology, Oxford, UK), followed
by purification using RNeasy Mini-columns (Qiagen,
Crawley, UK).

In vitro assessment of RCC cell line growth
The effect of azacitidine treatment on RCC cell line
growth in vitro was assessed by colony formation and
soft agar assays.

Colony formation assay
Cell lines were plated in 75-cm2 flasks in DMEM
supplemented with 10% FCS at differing densities, de-
pending upon their replication factor, to ensure that both
control and azacitidine-treated lines reached approxi-
mately 75% confluency at the point of cell counting.
Twenty-four hours later, cells were treated with 0.3 μM,
1 μM and 3 μM azacitidine. Subsequent treatments of
azacitidine were performed every 24 hours until cells had
undergone 72 hours of treatment. After 72 hours treat-
ment with 0.3 μM, 1 μM and 3 μM azacitidine compound,
cells were trypsinised and counted. Serial dilutions
of 1/500, 1/1,000 and 1/,000 were made from an ini-
tial stock of 1×10 [6] treated cells. Cells were seeded
into 100-mm tissue-culture dishes and maintained in
DMEM and 10% fetal bovine serum. Surviving colonies
were stained with 0.4% crystal violet (Sigma) in 50%
methanol, 14 to 21 days after initial seeding, and counted.
Cells not used in the colony formation assay were snap-
frozen in liquid nitrogen for subsequent DNA (Roche,
Mannheim, Germany) and RNA (Geneflow, Lichfield,
United Kingdom) extraction.

Soft agar assay
After treatment with 3 μM azacitidine (as for colony
formation assay) cells were seeded into 2 ml DMEM in
10% FCS and 3% agar. Cells were maintained by
addition of 200 μl of DMEM in 10% FCS weekly. After
6 weeks of growth, a final count of colonies (>100 μm)
was performed.

Copy number, methylation and expression analyses
Copy number analysis
Experiments were performed according to standard pro-
tocols for Affymetrix Human SNP Assay 6.0 arrays
(Affymetrix Santa Clara, CA, USA). Genomic DNA sam-
ples from sporadic primary clear-cell RCC tumours were
studied. Genotype and copy number analyses were
performed using Affymetrix Genotyping Console version
4.0 with the default settings and the HapMap270 refer-
ence model file supplied by Affymetrix. The quality con-
trol (QC) call rates ranged from 84.9 to 97.5%. Probe
set-level log2 ratios relative to the median of the 270
hapmap reference samples were exported from Genotyp-
ing Console. Data within copy number variation regions
(Affymetrix Genome-Wide Human SNP Array 6.0 An-
notations release 29, July 2009) and on X and Y chromo-
somes were removed. Autosomal log2 ratios were
centred to a median of zero and segmented using GLAD
(Hupe et al., 2004) with the HaarSeg algorithm [40]. As
described previously [41], GISTIC analysis [42] was
performed to identify regions of significant copy number
gain and loss using the GenePattern public server [43]
with the default settings of amplifications threshold of
0.1, deletions threshold of 0.1, join segment size of 4 and
qv threshold of 0.25. SNP, gene, and cytogenetic band lo-
cations were based on the hg18 (March 2006) genome
build (http://genome.ucsc.edu).

Cell line methylation profiling
The cell line DNA from all 15 RCC cell lines was
assayed using the Illumina Goldengate Methylation
Cancer Panel BeadChips (Illumina, San Diego, Ca, USA)
as described previously (for a set of primary RCC) [38].
Within this publication three methylated genes had been
selected and assessed by direct bisulphite sequencing
in several cell lines. The direct bisulphite sequencing
demonstrated a high degree of correlation with the
GoldenGate array (McNemar test, P = 1.0).

http://genome.ucsc.edu
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Tumour methylation profiling
The tumour DNA from the cohort of thirty-eight spor-
adic renal cell carcinoma patients (a single tumour
sample was run twice as a test for reproducibility) and
the normal kidney DNA from nine non-cancerous
kidneys had been assayed using the Illumina Infinium
HumanMethylation27 BeadChips (Illumina). Initial analysis
of these data and its confirmation has been previously
published [19].

Cell line expression profiling
Eleven RCC cell lines (SKRC18, SKRC39, SKRC45,
SKRC47, SKRC54, RCC4, 786-O, KTCL26, UMRC2,
UMRC3 and CAKI-1) had been treated with or without
5-aza-2′-deoxycytidine treatment for five days and the
resulting sets of mRNA had been assayed using the
Affymetrix HG-U133plus2 Genechip arrays (Affymetrix)
as reported previously [2].

mRNA expression analysis of selected candidate genes
One microgram of total kidney tumour or kidney cell
line RNA was converted to cDNA using Superscript III
(Invitrogen) and random hexamer primers (Fermentas
UK, York, UK). RT-PCR primers were designed for each
gene, such that the primers were always positioned in
different exons and had a 56°C annealing temperature.
RT-PCR was performed using a touchdown PCR pro-
gram with five cycles lowered 1°C per cycle down from
61°C to 57°C followed by a further 35 cycles with a final
annealing temperature of 56°C. Primer details are avail-
able on request. Expression of mRNA was graded as ei-
ther lost (no band was observed), downregulated
(obvious loss) or expressed (no obvious loss).

The cancer genome atlas (TCGA - http://cancergenome.
nih.gov/) data
Data were retrieved from the Cancer Genome Atlas using
the TCGA data portal to download the clinical data and
Infinium Methylation27 data for the 199 tumour and asso-
ciated tumour normal samples for which the Infinium
Methylation27 arrays had been performed in the TCGA
KIRC project. This comprised the following records:
TCGA-A3-3306 → 3362 (n = 34), TCGA-B0-3306 →
3362 (n = 6), TCGA-B0-5075 → 5088 (n = 6), TCGA-
B2-3923 → 4102 (n = 5), TCGA-B8-4143 → 4154 (n = 2),
TCGA-BP-4162 → 4167 (n = 5), TCGA-BP-4158 → 4777
(n = 50), TCGA-BP-4781 → 4807 (n = 11), TCGA-BP-
4959 → 5009 (n = 39), TCGA-CJ-4634 → 4644 (n = 9),
TCGA-CJ-4635 → 4895 (n = 24), TCGA-CJ-4899 → 4900
(n = 2) and TCGA-CZ-4854 → 4862 (n = 6). Once
downloaded, a methylation difference value for each probe
in each tumour was calculated as the tumour β-value
minus the associated normal β-value. These values were
used to assess methylation with a value of +0.3 or greater
being considered positive for aberrant hypermethylation.

Additional files

Additional file 1: Table S1. Previously published common deletions
and amplifications/duplications associated with renal cell carcinoma
(RCC).

Additional file 2: Figure S1. A-D. Schematics of the deleted
chromosomes 1, 3p, 14q, 6 and 9. The methylation levels for the selected
genes in the 38 sporadic renal cell carcinomas (RCCs) are represented by
green ovals for no significant methylation or yellow (β-values ≥0.33) and
red (β-values ≥0.4) ovals for positive levels of hypermethylation. The
methylation levels for the nine normal kidneys are represented by green
ovals for no methylation (β-values <0.25). The degree of re-expression
after 5′-aza treatment in the 11 RCC cell lines is represented by green
ovals for no significant increase/change or yellow ovals for a positive
increase (4-fold or greater) and red ovals for a highly positive increase
(8-fold or greater). Other genes of interest were mapped to the
chromosome, with black arrows representing known hypermethylated
RCC-associated genes and blue arrows representing genes known to be
mutated in RCC. The blue star indicates the gene is both mutated and
hypermethylated.

Additional file 3: Figure S2. Schematics of the Amplified/Duplicated
Chromosomes 7, 5q and 20. The methylation levels for the selected
genes in the 38 sporadic renal cell carcinomas (RCCs) are represented by
green ovals for no significant methylation or yellow (β-values ≥0.33) and
red (β-values ≥0.4) ovals for positive levels of hypermethylation. The
methylation levels for the nine normal kidneys are represented by green
ovals for no methylation (β-values <0.25). The degree of re-expression
after 5′-aza treatment in the 11 RCC cell lines is represented by green
ovals for no significant increase/change or yellow ovals for a positive
increase (4-fold or greater) and red ovals for a highly positive increase
(8-fold or greater). Other genes of interest were mapped to the
chromosome, with red arrows representing oncogenes, black arrows
representing known hypermethylated RCC-associated genes and blue
arrows representing genes known to be mutated in RCC.

Additional file 4: Figure S3. Assessment of selected methylated
Infinium Methylation27 probes in the Cancer Genome Atlas (TCGA)
tumour and associated normal pairs. These in-scale diagrams map the
position of the Infinium Methylation27 microarray probes for two of the
five selected genes, AEBP1 and TMEM74, in relation to their CpG island
and first exon. The probes selected for by this analysis are coloured red.
For each probe there is a graph of the average β-values for both the
tumour and the associated normal with the 199 tumour/associated
normal TCGA samples split into those designated methylated or
unmethylated. Methylated samples were defined as having an increase in
β-value of 0.3 or greater within the tumour compared to the associated
normal. The number and percentage of methylated and unmethylated
samples are shown, with those demonstrating significant tumour-specific
methylation coloured in red.

Additional file 5: Table S2. Methylation and clinical data for the 199
Cancer Genome Atlas (TCGA) tumour and associated normal samples.

Additional file 6: Figure S4. Additional Kaplan-Meier survival curves for
the Cancer Genome Atlas (TCGA) samples dependent on the methylation
of the different selected gene probes. These Kaplan-Meier survival curves
demonstrate the difference in survival between methylated and
unmethylated tumours for individual gene probes for AEBP1 and TMEM74
(A) and for methylation of either four or more or two or more of the five
selected gene probes (B). All Kaplan-Meier survival curves were
calculated using MedCalc software (http://www.medcalc.org/).

Abbreviations
AEBP: Adipocyte enhancer binding protein; CMML: Chronic myelomonocytic
leukaemia; DMEM: Dulbecco's modified Eagle's medium; FCS: Fetal calf
serum; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase; GISTIC: Genetic
identification of significant targets in cancer; HIF: Hypoxia-inducible

http://cancergenome.nih.gov/
http://cancergenome.nih.gov/
http://www.biomedcentral.com/content/supplementary/1868-7083-5-16-S1.pdf
http://www.biomedcentral.com/content/supplementary/1868-7083-5-16-S2.pdf
http://www.biomedcentral.com/content/supplementary/1868-7083-5-16-S3.pdf
http://www.biomedcentral.com/content/supplementary/1868-7083-5-16-S4.pdf
http://www.biomedcentral.com/content/supplementary/1868-7083-5-16-S5.pdf
http://www.biomedcentral.com/content/supplementary/1868-7083-5-16-S6.pdf
http://www.medcalc.org/


Ricketts et al. Clinical Epigenetics 2013, 5:16 Page 13 of 14
http://www.clinicalepigeneticsjournal.com/content/5/1/16
transcription factor; KIRC: Kidney renal clear cell carcinoma; MAP: Mitogen-
activated protein; NIH: National Institutes of Health; PCR: Polymerase chain
reaction; QC: Quality control; RCC: Renal cell carcinoma; RGS: Regulator of
G-protein signalling; SNP: Single nucleotide polymorphism; TCGA: Cancer
Genome Atlas; TSG: Tumour suppressor gene; VHL: Von Hippel-Lindau.

Competing interests
The authors declare no conflict of interests. Celgene provided financial
support for the investigation of demethylating therapy in cell lines but took
no part in the analysis or interpretation of the results.

Authors’ contributions
CJR, MRM, DG and SS carried out the molecular genetic studies. CJR, WW
and ERM undertook bioinformatic and statistical analysis. CJR and ERM
drafted the manuscript. MB and NC provided reagents and clinical
information. CJR, MRM, PN, FL and ERM conceived the study and
participated in its design and coordination. All authors read and approved
the final manuscript.

Acknowledgements
We thank Cancer Research UK (C485/A5441) and Celgene for financial
support.

Author details
1Centre for Rare Diseases and Personalised Medicine, School of Clinical and
Experimental Medicine, College of Medical and Dental Sciences, University of
Birmingham, Birmingham B15 2TT, UK. 2School of Applied Sciences
University of Wolverhampton, Wolverhampton WV1 1SV, UK. 3Department of
Pathology, Universiti Kebangsaan Malaysia, Jalan Yaacob Latif, Bandar Tun
Razak, 56000, Kuala Lumpur, Malaysia. 4Institute for Cancer Sciences, Cancer
Research UK Paterson Institute for Cancer Research, Manchester Academic
Health Science Centre, University of Manchester, Manchester M20 4BX, UK.
5The Christie Hospital, Wilmslow Road, Manchester M20 4BX, UK. 6School of
Cancer Sciences, University of Birmingham, Birmingham, UK. 7Mount Vernon
Cancer Centre - Medical Oncology, Rickmansworth Road, Northwood,
Middlesex HA6 2RN, UK. 8West Midlands Region Genetics Service,
Birmingham Women’s Hospital, Edgbaston, Birmingham B15 2TG, UK.
9Department of Medical Genetics, University of Cambridge, Addenbrooke’s
Treatment Centre, Cambridge Biomedical Research Campus, Cambridge
CB2 0QQ, UK.

Received: 25 June 2013 Accepted: 21 August 2013
Published: 13 September 2013

References
1. Ferlay J, Autier P, Boniol M, Heanue M, Colombet M, Boyle P: Estimates of

the cancer incidence and mortality in Europe in 2006. Ann Oncol 2007,
18:581–592.

2. Morris MR, Maher ER: Epigenetics of renal cell carcinoma: the path
towards new diagnostics and therapeutics. Genome Med 2010, 2:59.

3. Tsai HC, Baylin SB: Cancer epigenetics: linking basic biology to clinical
medicine. Cell Res 2011, 21:502–517.

4. Latif F, Tory K, Gnarra J, Yao M, Duh F-M, Orcutt ML, Stackhouse T, Kuzmin I,
Modi W, Geil L, Schmidt L, Zhou F, Li H, Wei MH, Chen F, Glenn G, Choyke
P, Walther MM, Weng Y, Duan DR, Dean M, Glavac D, Richards FM, Crossey
PA, Ferguson-Smith MA, Le Paslier D, Chumakov I, Cohen D, Chinault CA,
Maher ER, Linehan WM, Zbar B, Lerman MI: Identification of the von
Hippel-Lindau disease tumour suppressor gene. Science 1993,
260:1317–1320.

5. Foster K, Prowse A, van den Berg A, Fleming S, Hulsbeek MMF, Crossey PA,
Richards FM, Cairns P, Affara NA, Ferguson-Smith MA, Buys CHCM, Maher
ER: Somatic mutations of the von Hippel-Lindau disease tumour
suppressor gene in nonfamilial clear cell renal carcinoma. Hum Mol Genet
1994, 3:2169–2173.

6. Herman JG, Latif F, Weng Y, Lerman MI, Zbar B, Liu S, Samid D, Duan DS,
Gnarra JR, Linehan WM: Silencing of the VHL tumor-suppressor gene by DNA
methylation in renal carcinoma. Proc Natl Acad Sci USA 1994, 91:9700–9704.

7. Banks RE, Tirukonda P, Taylor C, Hornigold N, Astuti D, Cohen D, Maher ER,
Stanley AJ, Harnden P, Joyce A, Knowles M, Selby PJ: Genetic and
epigenetic analysis of von Hippel-Lindau (VHL) gene alterations and
relationship with clinical variables in sporadic renal cancer. Cancer Res
2006, 66:2000–2011.

8. Maxwell PH, Wiesener MS, Chang GW, Clifford SC, Vaux EC, Cockman ME,
Wykoff CC, Pugh CW, Maher ER, Ratcliffe PJ: The tumour suppressor
protein VHL targets hypoxia-inducible factors for oxygen-dependent
proteolysis. Nature 1999, 399:271–275.

9. Kaelin WG Jr: The von Hippel-Lindau tumour suppressor protein: O2
sensing and cancer. Nat Rev Cancer 2008, 8:865–873.

10. Varela I, Tarpey P, Raine K, Huang D, Ong CK, Stephens P, Davies H, Jones D,
Lin ML, Teague J, Bignell G, Butler A, Cho J, Dalgliesh GL, Galappaththige D,
Greenman C, Hardy C, Jia M, Latimer C, Lau KW, Marshall J, McLaren S,
Menzies A, Mudie L, Stebbings L, Largaespada DA, Wessels LF, Richard S,
Kahnoski RJ, Anema J, Tuveson DA, Perez-Mancera PA, Mustonen V, Fischer
A, Adams DJ, Rust A, Chan-on W, Subimerb C, Dykema K, Furge K, Campbell
PJ, Teh BT, Stratton MR, Futreal PA: Exome sequencing identifies frequent
mutation of the SWI/SNF complex gene PBRM1 in renal carcinoma.
Nature 2011, 469:539–542.

11. van Haaften G, Dalgliesh GL, Davies H, Chen L, Bignell G, Greenman C,
Edkins S, Hardy C, O'Meara S, Teague J, Butler A, Hinton J, Latimer C,
Andrews J, Barthorpe S, Beare D, Buck G, Campbell PJ, Cole J, Forbes S, Jia
M, Jones D, Kok CY, Leroy C, Lin ML, McBride DJ, Maddison M, Maquire S,
McLay K, Menzies A, Mironenko T, Mulderrig L, Mudie L, Pleasance E,
Shepherd R, Smith R, Stebbings L, Stephens P, Tang G, Tarpey PS, Turner R,
Turrell K, Varian J, West S, Widaa S, Wray P, Collins VP, Ichimura K, Law S,
Wong J, Yuen ST, Leung SY, Tonon G, DePinho RA, Tai YT, Anderson KC,
Kahnoski RJ, Massie A, Khoo SK, Teh BT, Stratton MR, Futreal PA: Somatic
mutations of the histone H3K27 demethylase gene UTX in human
cancer. Nat Genet 2009, 41:521–523.

12. Dalgliesh GL, Furge K, Greenman C, Chen L, Bignell G, Butler A, Davies H,
Edkins S, Hardy C, Latimer C, Teague J, Andrews J, Barthorpe S, Beare D, Buck
G, Campbell PJ, Forbes S, Jia M, Jones D, Knott H, Kok CY, Lau KW, Leroy C, Lin
ML, McBride DJ, Maddison M, Maguire S, McLay K, Menzies A, Mironenko T,
Mulderrig L, Mudie L, O'Meara S, Pleasance E, Rajasingham A, Shepherd R,
Smith R, Stebbings L, Stephens P, Tang G, Tarpey PS, Turrell K, Dykema KJ,
Khoo SK, Petillo D, Wondergem B, Anema J, Kahnoski RJ, Teh BT, Stratton MR,
Futreal PA: Systematic sequencing of renal carcinoma reveals inactivation of
histone modifying genes. Nature 2010, 463:360–363.

13. Duns G, Hofstra RM, Sietzema JG, Hollema H, van Duivenbode I, Kuik A,
Giezen C, Jan O, Bergsma JJ, Bijnen H, van der Vlies P, van den Berg E, Kok
K: Targeted exome sequencing in clear cell renal cell carcinoma tumors
suggests aberrant chromatin regulation as a crucial step in ccRCC
development. Hum Mutat 2012, 33:1059–1062.

14. Morrissey C, Martinez A, Zatyka M, Agathanggelou A, Honorio S, Astuti D,
Morgan NV, Moch H, Richards FM, Kishida T, Yao M, Schraml P, Latif F,
Maher ER: Epigenetic inactivation of the RASSF1A 3p21.3 tumor
suppressor gene in both clear cell and papillary renal cell carcinoma.
Cancer Res 2001, 61:7277–7281.

15. Hesson LB, Cooper WN, Latif F: Evaluation of the 3p21.3 tumour-
suppressor gene cluster. Oncogene 2007, 26:7283–7301.

16. Santos FP, Kantarjian H, Garcia-Manero G, Issa JP, Ravandi F: Decitabine in
the treatment of myelodysplastic syndromes. Expert Rev Anticancer Ther
2010, 10:9–2.

17. Boumber Y, Issa JP: Epigenetics in cancer: what’s the future? Oncology
(Williston Park) 2011, 25:220–226.

18. Beroukhim R, Brunet JP, Di Napoli A, Mertz KD, Seeley A, Pires MM, Linhart
D, Worrell RA, Moch H, Rubin MA, Sellers WR, Meyerson M, Linehan WM,
Kaelin WG Jr, Signoretti S: Patterns of gene expression and copy-number
alterations in von-hippel lindau disease-associated and sporadic clear
cell carcinoma of the kidney. Cancer Res 2009, 69:4674–4681.

19. Ricketts CJ, Morris MR, Gentle D, Brown M, Wake N, Woodward ER, Clarke N,
Latif F, Maher ER: Genome-wide CpG island methylation analysis
implicates novel genes in the pathogenesis of renal cell carcinoma.
Epigenetics 2012, 7:278–279.

20. Alleman WG, Tabios RL, Chandramouli GV, Aprelikova ON, Torres-Cabala C,
Mendoza A, Rogers C, Sopko NA, Linehan WM, Vasselli JR: The in vitro and
in vivo effects of re-expressing methylated von Hippel-Lindau tumor
suppressor gene in clear cell renal carcinoma with 5-aza-2′-
deoxycytidine. Clin Cancer Res 2004, 10:7011–7021.

21. Negrotto S, Hu Z, Alcazar O, Ng KP, Triozzi P, Lindner D, Rini B,
Saunthararajah Y: Noncytotoxic differentiation treatment of renal cell
cancer. Cancer Res 2011, 71:1431–1441.



Ricketts et al. Clinical Epigenetics 2013, 5:16 Page 14 of 14
http://www.clinicalepigeneticsjournal.com/content/5/1/16
22. Iliopoulos O, Kibel A, Gray S, Kaelin WG Jr: Tumour suppression by the
human von Hippel-Lindau gene product. Nat Med 1995, 1:822–826.

23. Pause A, Lee S, Lonergan KM, Klausner RD: The von Hippel-Lindau tumor
suppressor gene is required for cell cycle exit upon serum withdrawal.
Proc Natl Acad Sci USA 1998, 95:993–998.

24. Lam HYK, Mu XJ, Stutz AM, Tanzer A, Cayting PD, Snyder M, Kim PM, Korbel
JO, Gerstein MB: Nucleotide-resolution analysis of structural variants
using BreakSeq and a breakpoint library. Nat Biotech 2010, 28:47–55.

25. Mills RE, Walter K, Stewart C, Handsaker RE, Chen K, Alkan C, Abyzov A,
Yoon SC, Ye K, Cheetham RK, Chinwalla A, Conrad DF, Fu Y, Grubert F,
Hajirasouliha I, Hormozdiari F, Iakoucheva LM, Iqbal Z, Kang S, Kidd JM,
Konkel MK, Korn J, Khurana E, Kural D, Lam HY, Leng J, Li R, Li Y, Lin CY, Luo
R, Mu XJ, Nemesh J, Peckham HE, Rausch T, Scally A, Shi X, Stromberg MP,
Stütz AM, Urban AE, Walker JA, Wu J, Zhang Y, Zhang ZD, Batzer MA, Ding
L, Marth GT, McVean G, Sebat J, Snyder M, Wang J, Ye K, Eichler EE, Gerstein
MB, Hurles ME, Lee C, McCarroll SA, Korbel JO, 1000 Genomes Project:
Mapping copy number variation by population-scale genome
sequencing. Nature 2011, 470:59–65.

26. Nguyen DQ, Webber C, Ponting CP: Bias of selection on human copy-
number variants. PLoS Genet 2006, 2:e20.

27. Yamashita S, Takahashi S, McDonell N, Watanabe N, Niwa T, Hosoya K,
Tsujino Y, Shirai T, Ushijima T: Methylation silencing of transforming
growth factor-beta receptor type II in rat prostate cancers. Cancer Res
2008, 68:2112–2121.

28. Mannstadt M, Bertrand G, Muresan M, Weryha G, Leheup B, Pulusani SR,
Grandchamp B, Jüppner H, Silve C: Dominant-negative GCMB mutations
cause an autosomal dominant form of hypoparathyroidism. J Clin
Endocrinol Metab 2008, 93:3568–3576.

29. Bowl MR, Mirczuk SM, Grigorieva IV, Piret SE, Cranston T, Southam L,
Allgrove J, Bahl S, Brain C, Loughlin J, Mughal Z, Ryan F, Shaw N, Thakker
YV, Tiosano D, Nesbit MA, Thakker RV: Identification and characterization
of novel parathyroid-specific transcription factor Glial Cells Missing
Homolog B (GCMB) mutations in eight families with autosomal recessive
hypoparathyroidism. Hum Mol Genet 2010, 19:2028–2038.

30. Hagihara A, Miyamoto K, Furuta J, Hiraoka N, Wakazono K, Seki S, Fukushima
S, Tsao MS, Sugimura T, Ushijima T: Identification of 27 5′ CpG islands
aberrantly methylated and 13 genes silenced in human pancreatic
cancers. Oncogene 2004, 23:8705–8710.

31. Wu X, Rauch TA, Zhong X, Bennett WP, Latif F, Krex D, Pfeifer GP: CpG
island hypermethylation in human astrocytomas. Cancer Res 2010,
70:2718–2727.

32. Dai J, Gu J, Lu C, Lin J, Stewart D, Chang D, Roth JA, Wu X: Genetic
variations in the regulator of G-protein signaling genes are associated
with survival in late-stage non-small cell lung cancer. PLoS One 2011,
6:e21120.

33. Yu C, Wang L, Lv B, Lu Y, Zeng L, Chen Y, Ma D, Shi T, Wang L: TMEM74, a
lysosome and autophagosome protein, regulates autophagy. Biochem
Biophys Res Commun 2008, 369:622–629.

34. He P, Peng Z, Luo Y, Wang L, Yu P, Deng W, An Y, Shi T, Ma D: High-
throughput functional screening for autophagy-related genes and
identification of TM9SF1 as an autophagosome-inducing gene.
Autophagy 2009, 5:52–60.

35. Mikhaylova O, Stratton Y, Hall D, Kellner E, Ehmer B, Drew AF, Gallo CA, Plas
DR, Biesiada J, Meller J, Czyzyk-Krzeska MF: VHL-regulated MiR-204
suppresses tumor growth through inhibition of LC3B-mediated
autophagy in renal clear cell carcinoma. Cancer Cell 2012, 21:532–546.

36. Battagli C, Uzzo RG, Dulaimi E, Ibanez de Caceres I, Krassenstein R, Al-
Saleem T, Greenberg RE, Cairns P: Promoter hypermethylation of tumor
suppressor genes in urine from kidney cancer patients. Cancer Res 2003,
63:8695–8699.

37. Hoque MO, Begum S, Topaloglu O, Jeronimo C, Mambo E, Westra WH,
Califano JA, Sidransky D: Quantitative detection of promoter
hypermethylation of multiple genes in the tumor, urine, and serum DNA
of patients with renal cancer. Cancer Res 2004, 64:5511–5517.

38. McRonald FE, Morris MR, Gentle D, Winchester L, Baban D, Ragoussis J,
Clarke NW, Brown MD, Kishida T, Yao M, Latif F, Maher ER: CpG methylation
profiling in VHL related and VHL unrelated renal cell carcinoma. Mol
Cancer 2009, 8:31.

39. Dulaimi E, Ibanez-de-Caceres I, Uzzo RG, Al-Saleem T, Greenberg RE, Polascik
TJ, Babb JS, Grizzle WE, Cairns P: Promoter hypermethylation profile of
kidney cancer. Clin Cancer Res 2004, 10:3972–3979.
40. Ben-Yaacov E, Eldar YC: A fast and flexible method for the segmentation
of aCGH data. Bioinformatics 2008, 24:139–145.

41. Shuib S, Wei W, Sur H, Morris MR, McMullan D, Rattenberry E, Meyer E,
Maxwell PH, Kishida T, Yao M, Latif F, Maher ER: Copy number profiling in
von Hippel-Lindau disease renal cell carcinoma. Gene Chromosome Canc
2011, 50:479–488.

42. Beroukhim R, Getz G, Nghiemphu L, Barretina J, Hsueh T, Linhart D, Vivanco
I, Lee JC, Huang JH, Alexander S, Du J, Kau T, Thomas RK, Shah K, Soto H,
Perner S, Prensner J, Debiasi RM, Demichelis F, Hatton C, Rubin MA,
Garraway LA, Nelson SF, Liau L, Mischel PS, Cloughesy TF, Meyerson M,
Golub TA, Lander ES, Mellinghoff IK, Sellers WR: Assessing the significance
of chromosomal aberrations in cancer: methodology and application to
glioma. Proc Natl Acad Sci USA 2007, 104:20007–20012.

43. Reich M, Liefeld T, Gould J, Lerner J, Tamayo P, Mesirov JP: GenePattern
2.0. Nat Genet 2006, 38:500–501.

doi:10.1186/1868-7083-5-16
Cite this article as: Ricketts et al.: Methylation profiling and evaluation of
demethylating therapy in renal cell carcinoma. Clinical Epigenetics
2013 5:16.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	In vitro dose-response relationships for azacitidine treatment and promoter region hypermethylation
	Effect of azacitidine on anchorage-independent growth of RCC cell lines
	Relationship between CpG methylation profiling of human cancer genes and RCC cell line growth response to azacitidine treatment
	Copy number and CpG methylation array analysis of sporadic primary RCCs

	Discussion
	Conclusions
	Methods
	RCC cell lines, tumours and azacitidine treatment
	In vitro assessment of RCC cell line growth
	Colony formation assay
	Soft agar assay

	Copy number, methylation and expression analyses
	Copy number analysis
	Cell line methylation profiling
	Tumour methylation profiling
	Cell line expression profiling

	mRNA expression analysis of selected candidate genes
	The cancer genome atlas (TCGA - http://cancergenome.nih.gov/) data

	Additional files
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 793.440]
>> setpagedevice


