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Abstract
Background: The Wnt/β-catenin signalling is aberrantly activated in primary B cell chronic lymphocytic leukaemia
(CLL). Epigenetic silencing of pathway inhibitor genes may be a mechanism for its activation. In this study,
we investigated systematically and quantitatively the methylation status of 12 Wnt/β-catenin pathway inhibitor
genes – CDH1, DACT1, DKK1, DKK2, DKK3, DKK4, SFRP1, SFRP2, SFRP3, SFRP4, SFRP5 and WIF1 – in the cell lines EHEB
and MEC-1 as well as patient samples.
Methods: Quantification of DNA methylation was performed by means of bisulphite pyrosequencing and
confirmed by bisulphite Sanger sequencing. Gene expression was analysed by qPCR using GAPDH as internal
control. E-cadherin and β-catenin protein quantification was carried out by microsphere-based immunoassays.
Methylation differences observed between the patient and control groups were tested using generalised least
squares models.
Results: For 10 genes, a higher methylation level was observed in tumour material. Only DKK4 exhibited similarly
high methylation levels in both tumour and normal specimens, while DACT1 was always essentially unmethylated.
However, also for these inhibitors, treatment of cells with the demethylating agent 5-aza-2´-deoxycytidine resulted
in an induction of their expression, as shown by quantitative PCR, suggesting an indirect epigenetic control of
activity. While the degree of demethylation and its transcriptional consequences differed between the genes, there
was an overall high correlation of demethylation and increased activity. Protein expression studies revealed that no
constitutive Wnt/β-catenin signalling occurred in the cell lines, which is in discrepancy with results from primary
CLL. However, treatment with 5-aza-2´-deoxycytidine caused accumulation of β-catenin. Simultaneously, E-cadherin
expression was strongly induced, leading to the formation of a complex with β-catenin and thus demonstrating its
epigenetically regulated inhibition effect.
Conclusions: The results suggest an epigenetic silencing mechanism of the Wnt/β-catenin pathway inhibitor genes
in CLL. Hypermethylation and silencing of functionally related genes may not be completely stochastic but result
from the tumour epigenome reprogramming orchestrated by Polycomb-group repressive complexes. The data are
of interest in the context of epigenetic-based therapy.
Keywords: B cell chronic lymphocytic leukaemia, Wnt/β-catenin pathway, Inhibitor genes, DNA hypermethylation,
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Background
Constitutive Wnt/β-catenin signalling is increasingly
recognised to be a vital ingredient for the malignant
phenotype of different types of tumours including the
most common haematological malignancy, B cell chronic
lymphocytic leukaemia (CLL) [1-4]. The Wnt pathway is
indispensable for normal embryonic development and
cell differentiation, including that of the B cell lineage
[5]. Being dormant in normal peripheral B-lymphocytes
[3], the Wnt pathway is aberrantly activated in CLL and
contributes substantially to the anti-apoptotic and mitogenic characteristics of CLL B cells [1,3,6]. Inhibition of
key pathway components suppresses survival of CLL B
cells ex vivo and in a xenograft model [1,6,7]. Therefore,
the mechanisms underlying aberrant functioning of the
Wnt pathway are of considerable therapeutic interest. In
addition, the recent finding of active Wnt/β-catenin signalling in the pre-leukemic state of monoclonal B cell
lymphocytosis could suggest the potential of CLL prevention by targeting the pathway early during the development of CLL [3].
The Wnt pathway operates by stabilising the key
downstream effector β-catenin in the cytoplasm [8].
In the non-activated state of the pathway, cytoplasmic
β-catenin undergoes constant N-terminal phosphorylation at the residues S33, S37, T41 and S45, which
act as covalent marks for proteasomal degradation [2].
Pathway activation occurs upon binding of the growth
factors of the Wnt class to the membrane receptors
of the Frizzled family (FZD) and prevents β-catenin
from being degraded. As a consequence, its translocation
to the nucleus is promoted, where it forms a transcriptionally active complex with the members of the T-cell
factor/lymphocyte enhancer factor (TCF/LEF) family of
transcription factors and induces the expression of prosurvival and proliferative genes (e.g., cyclin D, c-myc) [8].
Signal transduction is negatively controlled by multiple
physiological inhibitors. These belong to several protein
families and operate at different points along the pathway. Secreted frizzled-related proteins 1 to 5, DKK1 to 4
and WIF1 prevent the induction of signalling by interfering with the upstream components on the cell surface,
namely the Frizzled receptor and the LRP5-6 co-receptor
[8]; DACT1 induces degradation of the cytoplasmic effector Dishevelled [9]; the adhesion molecule E-cadherin
(CDH1) directly binds β-catenin on the cellular membrane, thereby sequestering it from the cytoplasm [10].
The mechanism of the aberrant functioning of the
Wnt/β-catenin pathway in CLL remains only incompletely understood [1]. Some data suggest that at least
partially it may rely on the epigenetic silencing of pathway inhibitors. Aberrant hypermethylation of some antagonistically active genes has been reported as a
mechanism for pathway induction in several types of
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solid tumours [11-13]. Additionally, for a variety of
human malignancies, there is growing evidence that an
epigenetic inactivation of the Wnt/β-catenin pathway
inhibitors is associated with a tumour-favourable phenotypic outcome [14]. Little is known, however, about the
functional relevance to CLL. The current knowledge is
largely limited to the qualitative description of the
methylation status of individual genes in patient material.
Aberrant hypermethylation and its role in the loss of expression have been shown for some SFRP family members [15-18] but there are only fragmentary data about
the methylation status of the other Wnt/β-catenin
antagonists in CLL [15,17,19].
Using specialised oligonucleotide microarrays, we had
identified aberrant promoter methylation of DKK2 and
DKK3 and confirmed earlier findings for SFRP1, SFRP2
and SFRP4 [16] on a limited number of primary CLL
samples (unpublished data). This led us to formulating
the hypothesis that the different inhibitors of the Wnt/βcatenin pathway may undergo concordant aberrant
hypermethylation in malignant B cells, thereby contributing to the development of CLL. In this study, we investigated systematically and quantitatively the methylation
status and the expression of the genes of twelve Wnt/βcatenin pathway inhibitors in two CLL cell line models
and primary CLL B cells. We found a strong association
of hypermethylation and transcriptional regulation of the
antagonists in CLL. In addition, protein analyses revealed
that no constitutive expression of ß-catenin occurred in
the cell lines, as opposed to results from primary CLL.
However, treatment with 5-aza-2´-deoxycytidine restored
β-catenin expression. As a confirmation that variation of
methylation is not just directly regulating the expression
of ß-catenin while the variations in the antagonist genes
are coincidental but functionally irrelevant, we also studied the protein expression and functioning of the antagonist factor adhesion molecule E-cadherin (CDH1) upon
pharmacologically induced DNA demethylation.

Methods
Cell culture, drug treatment and patient samples

The chronic lymphocytic leukaemia cell lines MEC-1
[20] and EHEB [21] were obtained from the German
Collection of Microorganisms and Cell Cultures (DSMZ,
Braunschweig, Germany) and were grown in a medium
consisting of 90% Iscove's Modified Dulbecco's Medium
(Invitrogen, San Diego, USA) or Roswell Park Memorial
Institute Medium (Invitrogen), respectively, supplemented with 10% foetal bovine serum (Invitrogen). Treatment of cells with 5-aza-2´-deoxycytidine (5-aza-dC;
Merck Chemicals, Nottingham, UK) was performed for
72 h and 96 h, starting cultures from 5 × 105 cells/ml.
For the 96 h-treatment, the medium was changed after
48 h in order to supply fresh drug. Since a treatment
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with 0.5 μM 5-aza-dC resulted in only a small decrease
of methylation of hypermethylated genes (on average by
9.5%), further experiments were performed at higher
drug concentrations (1.0 and 2.0 μM), which did not
affect the per cent of viable cells in cultures (>90%) as
shown with Vi-Cell Automated Cell Viability Analyzer
(Beckman Coulter, Brea, USA). These 5-aza-dC concentrations, but not lower doses, proved to be effective in
DNMT1 depletion and transcriptional reactivation of different genes in CLL cell line WaC3CD5 in an earlier
study [22] as well as in other cell lines of B cell lineage
[23,24].
Peripheral blood was obtained from 12 patients of
Volgograd Regional Clinical Oncological Dispensary
No.1 (Volgograd, Russia) and the National Haematology
Research Centre of the Russian Academy of Medical
Sciences (Moscow, Russia). Written informed consent
was given and the experiments were approved by the institutional Ethical Review Boards. Diagnosis of CLL was
established according to standard morphologic and
immunophenotypic criteria [25]. All patients were untreated at the time of blood collection. Peripheral blood
mononuclear cells were isolated by a standard procedure
using Ficoll-Hypaque gradient centrifugation as
described elsewhere [26]. A total of five buffy-coats from
the peripheral blood of healthy individuals were provided by the Institute for Clinical Transfusion Medicine
and Cell Therapy (Heidelberg, Germany). CD19+ cells
were isolated from control samples using Dynabeads
CD19 pan B (Invitrogen, Carlsbad, USA) according to
the manufacturer’s protocol and employed as a reference. The cells were collected and snap-frozen for the
subsequent extraction of nucleic acids. The patient data
are summarised in Additional file 1: Table S1.
DNA isolation and bisulphite conversion

DNA was extracted from the samples using the QIAamp
DNA Blood Mini Kit (Qiagen, Hilden, Germany) as suggested by the manufacturer. DNA concentration was
measured in a ND-1000 spectrophotometer (Thermo
Scientific, Wilmington, USA). A total of 1.9 μg DNA
was treated with sodium bisulphite using the EpiTect
Bisulfite kit (Qiagen). The efficiency of bisulphite conversion averaged 98.8% and was computed from the
sequences of 231 cloned PCR-products of CDH1,
DACT1, DKK1, DKK2, DKK3, DKK4, SFRP1, SFRP2,
SFRP3, SFRP4, SFRP5 and WIF1 using the BISMA software, which considers the non-CpG cytosines within the
sequences [27].
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primers, 0.65 units HotStar Taq DNA polymerase and 1x
Q-solution (Qiagen). A previously reported amplification
protocol was employed [28]. Briefly, amplification was
started by an initial activation of the HotStar Taq DNA
polymerase at 95°C for 15 min. The first amplification
cycle was denaturation at 95°C for 1 min, annealing at
62°C for 2 min and elongation at 72°C for 3 min. This
procedure was continued for 20 cycles, reducing the
annealing temperature by 0.5°C each cycle, followed by
25 cycles of 1 min denaturation at 95°C, 2 min annealing
at 52°C and 2 min elongation at 72°C. The sequences of
the PCR primers are listed in Table 1. About 5 μl of each
reaction was examined on 2% agarose gels.
In order to control for possible amplification bias, appropriate calibration was performed as described in detail [28]. Fully methylated and unmethylated human
control DNA that had been bisulphite-treated was purchased (EpiTect PCR control DNA; Qiagen) and mixed
in different ratios to obtain calibration samples that represent distinct methylation percentages of 0, 12.5, 25,
37.5, 50, 62.5, 75, 87.5 and 100%, respectively. A total of
15 ng calibration DNA was used for the amplification of
each locus.
Bisulphite pyrosequencing

A volume of 20 μl of each PCR product was mixed with
2 μl Streptavidin Sepharose High Performance (GE
Healthcare, Uppsala, Sweden), 38 μl PyroMark binding
buffer (Qiagen) and 20 μl water. The Vacuum Prep
Workstation (Biotage, Uppsala, Sweden) was used to
prepare single-stranded DNA according to the manufacturer’s instructions. The Sepharose beads with the
single-stranded templates attached were released into a
PSQ 96 Plate Low (Biotage) containing 15 μl of 0.6 μM
corresponding sequencing primer in annealing buffer.
Pyrosequencing reactions were carried using the Pyro
Gold Reagent Kit (Biotage) in a PSQ HS 96 Pyrosequencing System (Biotage) according to the manufacturer’s
protocol. The sequences of the pyrosequencing primers
are listed in Table 1. Quantification of CpG methylation
was performed using the Software PyroQ-CpG v.1.0.9
(Biotage). The initial amplification result containing a
bias towards unmethylated alleles was corrected using
the calibration data derived from the control samples as
previously described [28]. The PCR-product of SFRP1
was sequenced directly using Sanger chemistry. Despite
optimisation efforts, accurate quantification was not possible by alternative pyrosequencing assays, which resulted
either in enormous bias towards the methylated allele or
readouts with lack of specificity.

PCR amplification

PCR-amplification of the loci interrogated was carried
out in 25 μl reactions that contained 2.0 μl bisulphiteconverted DNA, 1.5 mM MgCl2, 125 mM dNTP, 200 nM

Bisulphite Sanger sequencing

The PCR products were purified with the QIAquick
PCR Purification kit (Qiagen) and cloned using the
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Table 1 Sequences of the PCR and pyrosequencing primers used in this study
Gene symbol

Primer sequences (5´-3´) *
F: PCR forward; R: PCR reverse;
S: pyrosequencing; bio: biotinylation

Amplicon
length, bp

CDH1-F

TTTTTTTTGATTTTAGGTTTTAGTGAG

421

CDH1-R

bio-ACTCCAAAAACCCATAACTAACC

CDH1-S

AGTTAGTTTAGATTTTAGTT

DACT1-F

GTTTGGGAAGTGAAAGAAATTTAATT

DACT1-R

bio-CTAAAACCCCAACATCCTATTACAAT

DACT1-S

AGATTGTGTTGTAATTTGGT

DKK1-F

bio-GGGGTGAAGAGTGTTAAAGGTT

DKK1-R

AAACCATCATCTCAAAAAAACTCAA

DKK1-S

CTACAAAAAACACAAAACTCTAC

DKK2-F

bio-TTTTAGTAGTTGTGGGTGGAGATA

DKK2-R

ATACTCCTTTTCAAAATTAACAAAC

DKK2-S

CCTAACTCACAAAAAACAAC

DKK3-F

GATTTTGTTGAGTTTAGTTTTTTTTGGT

DKK3-R

bio-CAAACCTCTCTCAACCCCTACCTA

DKK3-S

TTTTTTGGTGGATGTG

DKK4-F

bio-ATAGATTTGAAGGGATTTGTTGAAGTTT

DKK4-R

CAAAACCAACTCAACCCCAACAAAAC

DKK4-S

CTAAACTAACAACTCAACAC

SFRP1-F

TTTTTAAGGGGTGTTGAGT

SFRP1-R

CAAACTTCCAAAAACCTCC

SFRP1-S

GGAGTTGATTGGTTG (Sanger sequencing)

SFRP2-F

ATGTTTGGTAATTTAGTAGAAATTT

SFRP2-R

bio-CAACCAAAATTTTCTTAACCTTTTT

SFRP2-S

GATTGGGGTAAAATAAGTT

SFRP3-F

bio-GTGATTTAGGGGAGGAGATATTTTAGA

SFRP3-R

TTCCAAAACAAAAACTTACACAAAA

SFRP3-S

CAAAATAAAACAAAATACAAC

SFRP4-F

bio-GTGTTTTGTGTGTTAGA

SFRP4-R

CCACTAAAATAAAAAAAAACATAACA

SFRP4-S

TACCACCCTCATCTTTC

SFRP5-F

GTAGGGAGTTTTGGGGAGAAA

SFRP5-R

bio-CCCAAATAAATAACAACCTAC

SFRP5-S

GTTTTGGAGTTGGGGTTAG

WIF1-F

bio-GAGTGATGTTTTAGGGGTTT

WIF1-R

CCTAAATACCAAAAAACCTAC

WIF1-S

AAACTACATTCACAATAC

Number of CpGs
quantified by
pyrosequencing

Reference

[29]

9
184

this study
[30]

5
326

this study
[31]

8
456

this study
this study

11
123

[32]

5
328

this study
[33]

2
412

this study
[16]

this study
409

this study

14
542

this study

4
220

[16]

2
272

this study
[16]

8
414

this study
[34]

7

this study

* Primers of the same sequence but without biotin modification were employed for amplification of the PCR-products used for subcloning and bisulphite
sequencing.

TOPO TA Cloning kit (Invitrogen). Clones were picked
at random and sequenced with Sanger chemistry at
GATC Biotech (Constance, Germany). The sequencing
data were visualised using the CpGviewer software [35].

Statistical analysis

For each locus, the average methylation percentage
across the interrogated CpG sites was calculated. Differences observed between the patient and control groups
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were tested using generalised least squares (GLS) models
[36]. As the country of origin (Russia or Germany), sex,
and age of the probands might have been influential covariates, they were taken into account. Thus, we fitted the
following model for each gene:
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Methylation ¼ β0 þ β1 Country þ β2 Status þ β3 Sex
þ β4 Age þ E;
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
where Methylation are the methylation measurements
that were square root-transformed to achieve normality;
β0 is the model intercept; β1 is the effect of the country
of origin, which is used as a binary variable that takes
value 0 for Germany and 1 for Russia; β2 is the effect of
the proband’s status (a binary variable 0 for healthy and
1 for a diseased individual); β3 is the effect of sex (0 for
a female and 1 for a male individual); β4 is the effect of
age, and E represents the model residuals. Ideally, model
residuals should be normally distributed with mean 0
and a certain constant variance. However, an exploratory
analysis revealed high variation of methylation between
the countries as well as between the healthy and diseased individuals. The homogeneity of variance assumption was thus relaxed by allowing the variance to be
different in each stratum, i.e. in each of the combinations of country and disease status [36].
The full model was then reduced by stepwise backward elimination of insignificant terms. For each gene,
only the final optimal model found by this approach is
reported. Validation of the optimal models was performed by an examination of the quantile-quantile plots
of their residuals [36]. Estimation of the model parameters was conducted based on the restricted maximum
log-likelihood algorithm using the nlme v3.1-102 package [37] for the R computing environment [38]. P-values
of less than 0.05 were regarded as statistically significant.
RNA extraction and quantitative RT-PCR

Total RNA was isolated using the miRNeasy Mini Kit
(Qiagen) as suggested by the manufacturer. The RNA
concentration was measured in a ND-1000 spectrophotometer (Thermo Scientific). The quality of the RNA
samples was confirmed in a 2100 Bioanalyzer (Agilent,
Santa Clara, CA). The RNA integrity number [39] of the
samples averaged 9.7. Reverse transcription reactions
were carried out with 1 μg of total RNA using SuperScript III Reverse Transcriptase (Invitrogen) and 0.5 μg
oligo(dT) 12–18 primer (Invitrogen). Quantitative RTPCR was performed in triplicate with the ABI PRISM
7900 Sequence Detection System (ABI, Foster City,
USA) using the Absolute QPCR SYBR Green mix
(Thermo Scientific). The identity codes of the commercially
available PCR-primers are as follows:
Hs_CDH1_1_SG, Hs_DACT1_2_SG, Hs_DKK1_1_SG,
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Hs_DKK2_1_SG, Hs_DKK4_1_SG, Hs_SFRP1_1_SG,
Hs_SFRP2_1_SG, Hs_FRZB_2_SG, Hs_SFRP4_3_SG,
Hs_WIF-_1_SG, Hs_GAPDH_1_SG (Qiagen), DKK3qRTF1 and DKK3-qRTR1 (Thermo Scientific). Primer
sequences for SFRP5 have been reported earlier:
5´-CTGACGGCCTCATGGAGCAGATGT-3´ (forward)
and 5´-TCCAATCAGCTTCCGG TCCCCATT-3´ (reverse) [16]. Universal Human Reference (UHR) total
RNA was used as a calibration control (Stratagene, La
Jolla, USA). The calibration graph (ct vs. log unit of the
standard template) was obtained as described [40]. Two
housekeeping genes – glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and β-actin (ACTB) – were
tested. GAPDH was superior over ACTB exhibiting only
minor variation of expression in all studied conditions
(CV 10.4% vs. 34.9%, respectively) and therefore served
as an internal control. The thermal cycler conditions
were as follows: 50°C for 2 min and 95°C for 15 min, followed by a two-step PCR of 45 cycles at 95°C for 15 sec
and 60°C for 60 sec.
Quantification of E-cadherin and β-catenin expression

For protein extraction, cells were lysed shaking at 4°C for
30 min in a buffer containing 50 mM Tris/HCl (pH 7.4),
150 mM NaCl, 1% Triton X-100, 1x Complete Protease
Inhibitor (Roche Diagnostics, Mannheim, Germany), 1x
phosphatase inhibitor I and III (Sigma-Aldrich, St. Louis,
USA) and 2.5 U/ml benzonase (Qiagen). Cells were
passed through a 25 gauge needle, and cell debris was
removed by centrifugation at 15,000 g for 30 min at 4°C.
Protein quantification was performed by an immunoassay as previously described [41]. An antibody that is
specific for the C-terminus of β-catenin (BD Biosciences,
Franklin Lakes, USA) was covalently immobilised on
magnetic xMAP microspheres (Luminex, Austin, Texas)
[42]. Per well of a microtiter plate (non-binding surface;
Corning, New York, USA), 2,000 beads in 20 μl blocking
reagent for ELISA (Roche Diagnostics) were incubated
with 20 μg protein from cell lysates in 40 μl with lysis
buffer. In calibration experiments, defined amounts of
recombinantly expressed GST-β-catenin were used. Incubation was overnight at 4°C. The samples were transferred to a blocked filter plate (Millipore, Billerica, USA)
and washed twice with 100 μl PBS using a vacuum
manifold (Millipore). For detection, 30 μl of anti total βcatenin antibody (Invitrogen; 1:200 diluted in the assay
buffer) were added to the beads. Incubation was at room
temperature for 120 min. Unbound antibody was
removed by washing with PBS as described above. A volume of 30 μl of 2.5 μg/ml donkey anti-rabbit phycoerythrin-conjugated antibody (Jackson ImmunoResearch,
West Grove, USA) was added next and incubated for
45 min at room temperature. After another washing
with PBS, the beads were resuspended in 100 μl assay
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buffer and analysed with a Luminex 100 IS system
(Luminex Corp, Austin, USA). Calculation of the absolute β-catenin expression was based on a seven-point dilution series of the recombinant standard protein.
For the quantification of E-cadherin, an E-cadherinspecific antibody (R&D Systems, Minneapolis, USA) was
employed as the bead-bound capture reagent. All dilution, incubation, washing and measurement steps were
performed as described above. However, the detection
system consisted of biotinylated detection antibodies
specific for E-cadherin (R&D Systems) and phycoerythrinconjugated Leandro, USA). Recombinant human E-cadherin
Fc Chimera (R&D Systems) was used as standard.

Results
Wnt/β-catenin pathway inhibitor genes are concurrently
hypermethylated both in CLL cell lines and patient
samples

To find out if the expression of the Wnt/β-catenin pathway inhibitors may be regulated by DNA methylation,
the two CLL cell lines EHEB and MEC-1 were studied.
First, bisulphite pyrosequencing was performed to examine the methylation status of twelve inhibitor genes. After
correction of the raw data for PCR-bias and artificial variations introduced by the pyrosequencing process as
described [28], accurate quantification of the methylation
degree was performed for CpG dinucleotides that are
located in proximity to the transcriptional start sites or
those associated with expression down-regulation of the
respective genes in solid tumours [30,34] (Figure 1A). A
high degree of methylation was recorded (average methylation percentage in EHEB/average methylation percentage in MEC-1) for CDH1 (79/79), DKK1 (68/75), DKK2
(88/83), SFRP3 (94/71) and WIF1 (71 in EHEB). Partial
methylation was observed for DKK3 (23/37), DKK4 (31
in EHEB), SFRP2 (32/17) and SFRP4 (24/29). The genes
DACT1 (10/0), SFRP5 (14/6), DKK4 (9 in MEC-1) and
WIF1 (11 in MEC-1) were essentially unmethylated.
Pyrosequencing of SFRP1 failed, although various primers were tested. However, extensive hypermethylation
of SFRP1 in both cell lines was confirmed by semiquantitative bisulphite Sanger sequencing. Overall, ten
out of twelve antagonists of Wnt/β-catenin signalling
exhibited substantial methylation of the gene in at
least one of the two CLL cell line models.
Because DNA methylation in established cancer cell
lines may not always adequately reflect the reality in primary tumours, also patient and control samples were
studied for confirmation (Figure 1B). Consistent with
the observations in the cell lines, eleven genes were
found to be at least partially methylated in the patient
material (average methylation percentage across twelve
patient samples; lowest and highest value): CDH1 (56;
22 to 88), DKK1 (34; 17 to 84), DKK2 (35; 14 to 78),
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DKK3 (18; 5 to 61), DKK4 (32; 0 to 71), SFRP2 (21; 2 to
70), SFRP3 (26; 6 to 50), SFRP4 (17; 3 to 68), SFRP5 (15;
6 to 27), WIF-1 (30; 8 to 73). Again, extensive hypermethylation of SFRP1 was shown by semiquantitative
bisulphite Sanger sequencing. In contrast, and in accordance with the cell line data, DACT1 was basically
unmethylated (2; 1 to 5) in all samples. All the loci interrogated were essentially unmethylated in control CD19+
B cells of five healthy individuals with the exception of
DKK4, which was found to be methylated (36; 33 to 39)
to a level very similar to that in the cancer samples.
The methylation patterns of most genes were heterogeneous within the patient group. However, the levels of
methylation for CDH1, DKK1, DKK2, DKK3, SFRP3 and
WIF1 were significantly higher than in the control group
(Figure 2). Although there was no statistically significant
difference between the patient and control groups for
the other genes, abnormally high methylation – defined
as an increase of the average methylation level beyond
that of the average observed in the group of normal
tissues plus twice the standard deviation [43] – was a
frequent event in patient CLL samples but for DACT1
and DKK4.
To exclude a possible contribution of additional covariates such as country of origin, sex or age of the individuals to the observed alterations of DNA methylation,
we took them into account by using generalised least
squares models. A disease-specific nature of methylation
differences between compared groups was confirmed for
all the genes, which exhibited differential methylation
between the groups [see Additional file 2: Table S2]. The
results obtained from bisulphite pyrosequencing were
validated by genomic bisulphite Sanger sequencing of
randomly cloned PCR-products (Figure 3). The data
obtained were in full agreement with the results of the
pyrosequencing assay. In combination, the sequencing
results indicate that the genes of most Wnt/β-catenin
pathway inhibitors are prone to aberrantly high methylation in CLL.
Expression of the wnt/β-catenin pathway inhibitors is
associated with the methylation status

In order to ascertain the role of methylation in the
regulation of expression, mRNA levels of the twelve
genes were analysed by quantitative PCR in the cell
lines EHEB and MEC-1 after treatment with 5-aza2´deoxycytidine (5-aza-dC). Incorporation of this nucleoside analogue into DNA is known to capture covalently
DNA methyltransferases, thereby inducing DNA hypomethylation [44]. At a concentration of 1.0 and 2.0 μM,
the drug induced on average a 25% decrease in the
methylation level of the strongly methylated genes
(Figure 4A). This decrease in DNA methylation was associated with a significant transcriptional re-activation
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Figure 1 Maps of the studied sequences. (A) Schematic representations of the genomic regions are shown. The gene names and the
chromosomal locations are given. Vertical bars indicate the positions of CpG dinucleotides. Exons are shown above as black rectangles; arrows
indicate the known or presumed transcriptional start sites. Red bars below specify the regions analysed by bisulphite pyrosequencing; blues bars
indicate the area studied with bisulphite Sanger sequencing; the magenta bar shows the region studied by direct bisulphite sequencing of the
SFRP1 PCR-product. (B) Methylation patterns of the Wnt/β-catenin pathway inhibitor genes. Each square represents a CpG site. The degree of
methylation was measured by bisulphite pyrosequencing in the EHEB and MEC-1 cell lines, in 12 patient samples (CLL1 to CLL12) and CD19+ B
cells from healthy donors. At the bottom, an intensity scale is shown. Results for SFRP1 were obtained by direct Sanger sequencing of the
respective amplicon.

Figure 2 Methylation of the inhibitor genes in patient CLL samples. Methylation in tumour cells (filled circles) and control CD19+ B cells
(empty circles) were analysed by bisulphite pyrosequencing. Each circle indicates the methylation degree of a particular sample. Horizontal bars
denote the median methylation level for the patient group or the healthy donors, respectively.
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Figure 3 Results of Sanger bisulphite sequencing of patient and control samples. For each gene, DNA of the patient with the maximal
methylation within the group of twelve (top) and one with an average degree of methylation (middle) were analysed. Also the result of one
randomly selected control (CD19+) is shown (bottom). Every row of circles represents the CpG sites of an individual clone. The density of the CpG
sites in the genomic sequence is represented by the distances between the circles. Open and filled circles stand for unmethylated and
methylated CpG sites, respectively. Grey circles denote point mutations found in SFRP5 (CLL6, CLL9, CD19+). Horizontal lines above the circles
labelled with “PYRO” indicate the regions quantified by bisulphite pyrosequencing. Arrows indicate the positions of known or presumed
transcriptional start sites.

of CDH1, DKK3, DKK4, SFRP2, SFRP3, SFRP4 and
WIF1 in at least one of the two cell lines (Figure 4B).
It is interesting to note that the expression of SFRP3
was induced 13.5- and 9.1-fold in EHEB and MEC-1, although no CpG island has been annotated from the genomic sequence [16]. This fact may highlight the rather
artificial character of CpG island definition. The effect of
the methylation decrease on expression was striking,

which may actually be particularly due to the small number of CpG sites in the region (although some indirect
activation mechanism cannot be excluded either). DKK1,
DKK2 and SFRP1 were also highly methylated in both
cell lines. Still, treatment with 5-aza-dC did not result in
a significant induction of expression, although methylation was reduced to a degree that was similar to that of
SFRP3. The genes DKK1, DKK2 and SFRP1 do have CpG
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Figure 4 Quantification of methylation degrees and expression of the inhibitor genes in CLL cell lines EHEB and MEC-1 upon
treatment with 5-aza-dC. (A) The average percentage of methylation was recorded by bisulphite pyrosequencing after 72 h growth in pure
medium (deep blue bars) and in presence of 1.0 or 2.0 μM 5-aza-dC (intermediate and light blue bars), respectively. (B) Quantification of mRNA
expression levels by PCR. As in panel A, control and experimental conditions are represented by different shades of red. Three separate
measurements were performed for each sample. GAPDH was used as an internal control. The expression in untreated cells was set to 1.
Significant induction of mRNA expression in both or one cell line is indicated with ** or * at the bottom.

islands in their sequences. Apparently, the demethylation
effect was too little or insufficient on its own to change
the overall blockage of expression.
Expression of DACT1 exhibited yet another, very contrasting result. It was substantially up-regulated after incubation with 5-aza-dC (10.5-fold and 3.5-fold in EHEB
and MEC-1, respectively), even though the gene was essentially unmethylated even prior to the treatment. This
clearly indicates an indirect control of this gene’s activity
by the variation of the degree of DNA methylation; its
own sequence is not affected, however.
Upon 5-aza-dC treatment, CLL cell lines accumulate
β-catenin that binds to the induced E-cadherin

In order to demonstrate the functional relevance of epigenetic control of antagonists to the overall regulation
of the Wnt/β-catenin pathway, we looked at the variation in the amounts of transcriptionally active (nonphosphorylated) β-catenin and E-cadherin in EHEB and
MEC-1 cell lines. The amount of non-phosphorylated
β-catenin correlates directly with the activity of the
pathway. For this analysis, we took advantage of suspension bead arrays, which had already been used for the
detection of different cytoplasmic fractions of β-catenin
[41]. No constitutive Wnt/β-catenin signalling could be

detected in the cell lines. The non-phosphorylated fraction of β-catenin was hardly detectable (data not shown)
at either condition, suggesting dormancy of this pathway route or a very efficient degradation process. However, the β-catenin level strongly increased in cell lysates
after a treatment of the cells with 2.0 μM 5-aza-dC for
72 h and 96 h (Figure 5A), indicating a methylation controlled silencing in cell lines. Concomitantly to the increase in β-catenin levels, also the amount of E-cadherin
increased substantially upon CDH1 hypomethylation,
while the protein was basically undetectable under control conditions (Figure 5A). As expected, β-catenin and
E-cadherin formed a complex, which as a result of the
higher expression levels of CDH1 was also present at
much higher concentrations after treatment with 5-azadC (Figure 5C).

Discussion
Aberrant activation of the Wnt/β-catenin pathway in
primary CLL is known to contribute to the defect in
apoptosis inherent to this malignancy [3,6,7,17]. Different molecular mechanisms for this were suggested, including the autocrine activation by the overexpressed
Wnt ligands [7], silencing of E-cadherin due to aberrant
splicing [45] or epigenetic down-regulation of pathway
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Figure 5 Quantification of the amounts of β-catenin, E-cadherin
and the E-cadherin/β-catenin complex in the cell lines EHEB
(blue bars) and MEC-1 (red bars). The amount of β-catenin (A),
E-cadherin (B) or the E-cadherin/β-catenin complex (C) was
determined after 72 h and 96 h cell growth in presence (+) or
absence (−) of 2.0 μM 5-aza-dC. The measurements without 5-azadC shown in panels (A) and (B) produced only residual signal
intensities.

inhibitors by promoter hypermethylation [16]. Stimulated by the findings of aberrantly methylated CDH1
[19] and SFRPs [16] as well as our own evidence on
hypermethylation of DKK2 and DKK3 in primary CLL,
we quantitatively characterised the methylation status
and the expression of the Wnt/β-catenin pathway inhibitors. Ten of the twelve genes exhibited high DNA
methylation in at least one of the CLL cell lines and also
in patient samples compared to non-tumour material.
The absolute level of methylation, however, varied
strongly between the genes.
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By far the biggest difference in methylation between
tumour and normal could be seen for SFRP1, which was
hypermethylated in all tumour samples. Surprisingly,
however, the apparent change in transcript level upon
DNA demethylation with 2 μM 5-aza-dC was insignificant. In contrast, methylation in the promoter regions of
DACT1 and DKK4 did not differ between tumour and
normal. However, their transcription was affected by
changes to the degree of DNA methylation, although for
DACT1 this happened clearly indirectly via a yet unknown factor. The fact that DNA methylation was found
to be involved in the regulation of the antagonist genes’
expression in the cell lines and the close similarity of the
methylation patterns to those of primary CLL B cells
suggests the existence of an epigenetic silencing mechanism in this haematological malignancy.
Owing to the absence of the CpG island within its 5´
region, SFRP3 was the only member of the SFRP class,
whose methylation status had not been analysed in most
of reports published earlier, irrespective of the studied
tumour type. However, we could demonstrate that hypermethylation of CpG sites in the first exon was associated
with an apparent transcriptional down-regulation to an
extent that was well beyond that seen for other genes.
Also overall, the variation of methylation upon addition
of the demethylation agent differed between genes. There
might be a correlation between the intensity of the effect
observed and the mere number of CpG sites or their frequency in a given stretch of DNA sequence. However,
the data set from this study was too small for any significant evaluation and more quantitative analyses are
required to proof an actual relationship.
Also, the degree of demethylation induced by 5-azadC had different apparent effects on the transcription
levels. The extent of variation may be controlled by the
sequences next to the CpG sites. Such an effect is known
for the formation of left-helical Z-DNA structures,
which are most likely to occur in methylated d(CG)
sequences [46]. A conformational twist from right- to
left-helical secondary structure can occur from one base
to the next and back, resulting in a net structural variation that only disturbs or relaxes the right-turning helix
rather than inducing a strong conformational change.
This variation in the structural components of a sequence could explain an associated variation in gene activity and could topologically affect also DNA stretches
that have some distance from the actual CpG site.
Because epigenetic down-regulation of the Wnt/βcatenin pathway inhibitors may be instrumental in the
constitutive Wnt/β-catenin signalling in primary CLL
[3,6,7,17], we wondered if the pathway is active in the
CLL cell lines and can be modulated upon DNA hypomethylation. However, no constitutive Wnt/β-catenin
signalling could be detected in either of the two cell
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lines by measuring the level of the transcriptionally active β-catenin fraction. This obvious discrepancy with
primary CLL [3,7] might reflect a secondary loss of the
constitutively active pathway in the established cell
lines. This observation is in agreement with a recent report [6], which has documented much less β-catenin
and lymphoid enhancer-binding factor 1 (LEF-1, a direct target of the pathway [47]) in the CLL cell lines
JVM-1 and MEC-1 in comparison with the patient samples. Given a dormant Wnt/β-catenin pathway in the
CLL cell line models, it was therefore not possible to
ascertain, if pharmacological restoration of all the pathway antagonists can affect its activity. Nevertheless, the
role of epigenetic silencing of one of the inhibitors,
E-cadherin, could be demonstrated. We showed that its
expression is regulated by promoter methylation both
on transcriptional and protein levels. Significantly upregulated upon 5-aza-dC treatment, E-cadherin binds
β-catenin thereby capturing it on the cellular membrane.
We speculate that epigenetic restoration of E-cadherin
expression in the cells with aberrantly active Wnt/βcatenin signalling might suppress it in a similar way as
the enforced E-cadherin expression in the primary CLL
B cells lead to down-regulation of the pathway [45].
Thus, this finding may be of therapeutic interest.
Finally, observations from this study draw attention to
two aspects, which warrant further clarification. First, the
concurrent hypermethylation and silencing was shown
for the genes of a single pathway, which are located on
different chromosomes. This finding may support a
model of carcinogenesis suggested earlier, in which epigenetic silencing is not completely stochastic but might
reflect the existence of a directed program, by which
functionally related groups of genes important for development of tumours are silenced through promoter
methylation [48]. Our data may add further evidence for
such a guiding role of Polycomb-group repressive complexes (PRC) in patterning aberrant DNA hypermethylation in cancer. These epigenetic regulatory proteins
induce repressive chromatin states by covalently modifying histones (H3K27me3) within promoters of many developmentally regulated genes in embryonic and adult
stem cells [49,50]. Also in B cells, a PRC2 component
EZH2 was shown to contribute to epigenetic reprogramming of naïve B cells as they transit through germinal
centre, which may facilitate proliferation and lymphomagenesis [51]. Given the facts that (1) promoter regions of
the Wnt pathway antagonists are repressively marked
with H3K27me3 in either naïve B cells, centroblasts or
embryonic stem cells [51,52], (2) promoters of DKK1,
DKK2, SFRP1 and SFRP2 are occupied with the PRC2
component EZH2 in these cells, (3) recruitment of DNA
methyltransferases by EZH2 [53] and (4) age dependent
aberrant hypermethylation of PRC targets [54] have been
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reported, it is plausible to assume that concurrent hypermethylation of specific groups of genes is an interrelated
part of general epigenome reprogramming orchestrated
by PRC.
Second, despite the fact that cancer-associated CpG
hypermethylation has been shown early in development
of solid tumours [55], nothing is known about epigenetic
alterations in a CLL precursor state monoclonal B cell
lymphocytosis (MBL) [56]. However, up-regulation of
LEF-1, a direct target of the Wnt pathway and a prosurvival factor, has recently been reported in MBL
patients, who are known to be at risk for progression to
CLL [3]. Therefore, deregulation of the Wnt/β-catenin
pathway may have a role in CLL leukaemogenesis and
further methylation analysis of the antagonists in MBL is
desirable in view of possible benefits for CLL prevention
by DNA demethylating drugs, if epigenetic aberration of
these genes is detected at an early stage of MBL.

Conclusions
Our results show concurrent hypermethylation of multiple Wnt/β-catenin pathway inhibitor genes in CLL. The
methylation status is associated with expression, what
suggests epigenetic silencing mechanism of this signalling route. Aberrant hypermethylation of the whole
group of functionally related genes may not be completely stochastic but result from the epigenome reprogramming orchestrated by Polycomb-group repressive
complexes. The data are of interest in the context of
epigenetic-based therapy.
Additional files
Additional file 1: Table S1. Demographic and clinical characteristics of
CLL patients and healthy donors.
Additional file 2: Table S2. The optimal GLS models found for each of
the examined genes by a stepwise backward reduction of the full model
described in Material and Methods.
Competing interests
The authors declare that they have sno competing interests.
Acknowledgements
The authors thank Bettina Ehret for technical assistance, Yasser Riazalhosseini
and Sandeep Botla for helpful discussions. The work was financially
supported by the Epigenetics platform of the NGFN-2 programme (grant
01GR490 to JDH) and a Systems Biology grant (313081E to TOJ), both
funded by the German Federal Ministry of Education and Research (BMBF).
EAM was in part supported by a postdoctoral fellowship of the German
Academic Exchange Service (DAAD).
Author details
Functional Genome Analysis, Deutsches Krebsforschungszentrum (DKFZ), Im
Neuenheimer Feld 580, 69120, Heidelberg, Germany. 2Biochemistry
Department, NMI Natural and Medical Sciences Institute at the University of
Tübingen, Markwiesenstr. 55, 72770, Reutlingen, Germany. 3Functional
Morphology of Hemablastoses, National Hematology Research Centre of
Russian Academy of Medical Sciences, Novy Zykovsky passage 4a, 125167,
Moscow, Russia. 4A.N. Belozersky Institute and Biological Faculty, Moscow
1

Moskalev et al. BMC Cancer 2012, 12:213
http://www.biomedcentral.com/1471-2407/12/213

State University, Leninskie Gory 1, 119991, Moscow, Russia. 5Theoretical
Bioinformatics, Deutsches Krebsforschungszentrum (DKFZ), Im Neuenheimer
Feld 580, 69120, Heidelberg, Germany. 6Department of Haematology,
Volgograd Regional Clinical Oncological Dispensary No.1, Zemlyachki str. 78,
400138, Volgograd, Russia. 7Diagnostic Molecular Pathology, Institute of
Pathology, University of Erlangen-Nürnberg, Krankenhausstr. 8-10, 91054,
Erlangen, Germany.
Authors’ contributions
EAM, KL, OP, TOJ, JDH conceived and designed the experiments. EAM, KL,
AS, MS performed the experiments. EAM, SEM, KL, AS analysed the data. IAV,
KDK, OBK, AAG provided patient samples and clinical data. EAM, JDH, SEM
wrote the manuscript. All authors read and approved the final version of the
manuscript.
Received: 14 February 2012 Accepted: 6 June 2012
Published: 6 June 2012
References
1. Lu D, Zhao Y, Tawatao R, Cottam HB, Sen M, Leoni LM, Kipps TJ, Corr
M, Carson DA: Activation of the Wnt signaling pathway in chronic
lymphocytic leukemia. Proc Natl Acad Sci U S A 2004, 101:3118–3123.
2. Klaus A, Birchmeier W: Wnt signalling and its impact on development and
cancer. Nat Rev Cancer 2008, 8:387–398.
3. Gutierrez A Jr, Tschumper RC, Wu X, Shanafelt TD, Eckel-Passow J,
Huddleston PM, Slager SL, Kay NE, Jelinek DF: LEF-1 is a prosurvival factor
in chronic lymphocytic leukemia and is expressed in the preleukemic
state of monoclonal B cell lymphocytosis. Blood 2010, 116:2975–2983.
4. Zenz T, Mertens D, Küppers R, Döhner H, Stilgenbauer S: From
pathogenesis to treatment of chronic lymphocytic leukaemia. Nat Rev
Cancer 2010, 10:37–50.
5. Staal FJ, Clevers HC: WNT signalling and haematopoiesis: a WNT-WNT
situation. Nat Rev Immunol 2005, 5:21–30.
6. Gandhirajan RK, Staib PA, Minke K, Gehrke I, Plickert G, Schlösser A, Schmitt
EK, Hallek M, Kreuzer KA: Small molecule inhibitors of Wnt/beta-catenin/
lef-1 signaling induces apoptosis in chronic lymphocytic leukemia cells
in vitro and in vivo. Neoplasia 2010, 12:326–335.
7. Lu D, Liu JX, Endo T, Zhou H, Yao S, Willert K, Schmidt-Wolf IG, Kipps TJ,
Carson DA: Ethacrynic acid exhibits selective toxicity to chronic
lymphocytic leukemia cells by inhibition of the Wnt/beta-catenin
pathway. PLoS One 2009, 4:e8294.
8. MacDonald BT, Tamai K, He X: Wnt/beta-catenin signaling: components,
mechanisms, and diseases. Dev Cell 2009, 17:9–26.
9. Zhang L, Gao X, Wen J, Ning Y, Chen YG: Dapper 1 antagonizes Wnt
signaling by promoting dishevelled degradation. J Biol Chem 2006,
281:8607–8612.
10. Nelson WJ, Nusse R: Convergence of Wnt, beta-catenin, and cadherin
pathways. Science 2004, 303:1483–1487.
11. Suzuki H, Watkins DN, Jair KW, Schuebel KE, Markowitz SD, Chen WD,
Pretlow TP, Yang B, Akiyama Y, Van Engeland M, Toyota M, Tokino T,
Hinoda Y, Imai K, Herman JG, Baylin SB: Epigenetic inactivation of SFRP
genes allows constitutive WNT signaling in colorectal cancer. Nat Genet
2004, 36:417–422.
12. Taniguchi H, Yamamoto H, Hirata T, Miyamoto N, Oki M, Nosho K, Adachi Y,
Endo T, Imai K, Shinomura Y: Frequent epigenetic inactivation of Wnt
inhibitory factor-1 in human gastrointestinal cancers. Oncogene 2005,
24:7946–7952.
13. Nojima M, Suzuki H, Toyota M, Watanabe Y, Maruyama R, Sasaki S, Sasaki Y,
Mita H, Nishikawa N, Yamaguchi K, Hirata K, Itoh F, Tokino T, Mori M, Imai K,
Shinomura Y: Frequent epigenetic inactivation of SFRP genes and
constitutive activation of Wnt signaling in gastric cancer. Oncogene 2007,
26:4699–4713.
14. Ying Y, Tao Q: Epigenetic disruption of the WNT/beta-catenin signaling
pathway in human cancers. Epigenetics 2009, 4:307–312.
15. Chim CS, Fung TK, Wong KF, Lau JS, Liang R: Infrequent Wnt inhibitory
factor-1 (Wif-1) methylation in chronic lymphocytic leukemia. Leuk Res
2006, 30:1135–1139.
16. Liu T, Raval A, Chen SS, Matkovic JJ, Byrd JC, Plass C: CpG island
methylation and expression of the secreted frizzled-related protein gene
family in chronic lymphocytic leukemia. Cancer Res 2006, 66:653–658.

Page 12 of 13

17. Chim CS, Pang R, Liang R: Epigenetic dysregulation of the Wnt
signalling pathway in chronic lymphocytic leukaemia. J Clin Pathol
2008, 61:1214–1219.
18. Seeliger B, Wilop S, Osieka R, Galm O, Jost E: CpG island methylation
patterns in chronic lymphocytic leukemia. Leuk Lymphoma 2009,
50:419–426.
19. Melki JR, Vincent PC, Brown RD, Clark SJ: Hypermethylation of E-cadherin
in leukemia. Blood 2000, 95:3208–3213.
20. Stacchini A, Aragno M, Vallario A, Alfarano A, Circosta P, Gottardi D, Faldella
A, Rege-Cambrin G, Thunberg U, Nilsson K, Caligaris-Cappio F: MEC1 and
MEC2: two new cell lines derived from B-chronic lymphocytic leukaemia
in prolymphocytoid transformation. Leuk Res 1999, 23:127–136.
21. Saltman D, Bansal NS, Ross FM, Ross JA, Turner G, Guy K: Establishment of
a karyotypically normal B-chronic lymphocytic leukemia cell line;
evidence of leukemic origin by immunoglobulin gene rearrangement.
Leuk Res 1990, 14:381–387.
22. Rush LJ, Raval A, Funchain P, Johnson AJ, Smith L, Lucas DM, Bembea M,
Liu TH, Heerema NA, Rassenti L, Liyanarachchi S, Davuluri R, Byrd JC, Plass C:
Epigenetic profiling in chronic lymphocytic leukemia reveals novel
methylation targets. Cancer Res 2004, 64:2424–2433.
23. Raval A, Lucas DM, Matkovic JJ, Bennett KL, Liyanarachchi S, Young DC,
Rassenti L, Kipps TJ, Grever MR, Byrd JC, Plass C: TWIST2 demonstrates
differential methylation in immunoglobulin variable heavy chain
mutated and unmutated chronic lymphocytic leukemia. J Clin Oncol
2005, 23:3877–3885.
24. Bennett LB, Schnabel JL, Kelchen JM, Taylor KH, Guo J, Arthur GL,
Papageorgio CN, Shi H, Caldwell CW: DNA hypermethylation accompanied
by transcriptional repression in follicular lymphoma. Genes Chromosomes
Cancer 2009, 48:828–841.
25. Cheson BD, Bennett JM, Grever M, Kay N, Keating MJ, O’Brien S, Rai KR:
National Cancer Institute-sponsored Working Group guidelines for
chronic lymphocytic leukemia: revised guidelines for diagnosis and
treatment. Blood 1996, 87:4990–4997.
26. Nikitin EA, Malakho SG, Biderman BV, Baranova AV, Lorie YY, Shevelev AY,
Peklo MM, Vlasik TN, Moskalev EA, Zingerman BV, Vorob'ev IA, Poltaraus AB,
Sudarikov AB, Vorobjev AI: Expression level of lipoprotein lipase and
dystrophin genes predict survival in B cell chronic lymphocytic leukemia.
Leuk Lymphoma 2007, 48:912–922.
27. Rohde C, Zhang Y, Reinhardt R, Jeltsch A: BISMA – fast and accurate
bisulfite sequencing data analysis of individual clones from unique and
repetitive sequences. BMC Bioinformatics 2010, 11:230.
28. Moskalev EA, Zavgorodnij MG, Majorova SP, Vorobjev IA, Jandaghi P, Bure IV,
HoheiselJD:CorrectionofPCR-bias inquantitative DNAmethylationstudies
by means of cubic polynomial regression.NucleicAcidsRes 2011,39:e77.
29. Yamada H, Shinmura K, Goto M, Iwaizumi M, Konno H, Kataoka H, Yamada
M, Ozawa T, Tsuneyoshi T, Tanioka F, Sugimura H: Absence of germline
mono-allelic promoter hypermethylation of the CDH1 gene in gastric
cancer patients. Molecular Cancer 2009, 8:63.
30. Yau TO, Chan CY, Chan KL, Lee MF, Wong CM, Fan ST, Ng IO: HDPR1,
a novel inhibitor of the WNT/beta-catenin signaling, is frequently
downregulated in hepatocellular carcinoma: involvement of
methylation-mediated gene silencing. Oncogene 2005, 24:1607–1614.
31. Aguilera O, Fraga MF, Ballestar E, Paz MF, Herranz M, Espada J, García JM,
Muñoz A, Esteller M, González-Sancho JM: Epigenetic inactivation of the
Wnt antagonist DICKKOPF-1 (DKK-1) gene in human colorectal cancer.
Oncogene 2006, 25:4116–4121.
32. Fujikane T, Nishikawa N, Toyota M, Suzuki H, Nojima M, Maruyama R, Ashida
M, Ohe-Toyota M, Kai M, Nishidate T, Sasaki Y, Ohmura T, Hirata K, Tokino T:
Genomic screening for genes upregulated by demethylation revealed
novel targets of epigenetic silencing in breast cancer. Breast Cancer Res
Treat 2009, 122:699–710.
33. Sato H, Suzuki H, Toyota M, Nojima M, Maruyama R, Sasaki S, Takagi H,
Sogabe Y, Sasaki Y, Idogawa M, Sonoda T, Mori M, Imai K, Tokino T,
Shinomura Y: Frequent epigenetic inactivation of DICKKOPF family genes
in human gastrointestinal tumors. Carcinogenesis 2007, 28:2459–2466.
34. Mazieres J, He B, You L, Xu Z, Lee AY, Mikami I, Reguart N, Rosell R,
McCormick F, Jablons DM: Wnt inhibitory factor-1 is silenced by
promoter hypermethylation in human lung cancer. Cancer Res 2004,
64:4717–4720.
35. Carr IM, Valleley EM, Cordery SF, Markham AF, Bonthron DT: Sequence
analysis and editing for bisulphite genomic sequencing projects. Nucleic
Acids Res 2007, 35:e79.

Moskalev et al. BMC Cancer 2012, 12:213
http://www.biomedcentral.com/1471-2407/12/213

36. Pinheiro JC, Bates DM: Mixed-Effects Models in S and S-PLUS. New York:
Springer; 2000.
37. Pinheiro J, Bates D, DebRoy S, Sarkar D, the R Development Core Team:
nlme: Linear and Nonlinear Mixed Effects Models. R package version 3.1-104.
[http://cran.r-project.org/web/packages/nlme].
38. R Development Core Team: R: A language and environment for statistical
computing. R Foundation for Statistical Computing. Vienna, Austria: R
Foundation for Statistical Computing; 2011.
39. Schroeder A, Mueller O, Stocker S, Salowsky R, Leiber M, Gassmann M,
Lightfoot S, Menzel W, Granzow M, Ragg T: The RIN: an RNA integrity
number for assigning integrity values to RNA measurements. BMC Mol
Biol 2006, 7:89.
40. Pscherer A, Schliwka J, Wildenberger K, Mincheva A, Schwaenen C, Döhner
H, Stilgenbauer S, Lichter P: Antagonizing inactivated tumor suppressor
genes and activated oncogenes by a versatile transgenesis system:
application in mantle cell lymphoma. FASEB J 2006, 20:1188–1190.
41. Luckert K, Goetschel F, Sorger PK, Hecht A, Joos TO, Poetz O: Snapshots of
protein dynamics and posttranslational modifications in one experiment
- β-catenin and its functions. Mol Cell Prot 2011, 10:M110.007377.
42. Poetz O, Luckert K, Herget T, Joos TO: Microsphere-based coimmunoprecipitation in multiplex. Anal Biochem 2009, 395:244–248.
43. Muggerud AA, Rønneberg JA, Wärnberg F, Botling J, Busato F, Jovanovic J,
Solvang H, Bukholm I, Børresen-Dale A, Kristensen VN, Sørlie T, Tost J:
Frequent aberrant DNA methylation of ABCB1, FOXC1, PPP2R2B and
PTEN in ductal carcinoma in situ and early invasive breast cancer. Breast
Cancer Research 2010, 12:R3.
44. Yoo CB, Jones PA: Epigenetic therapy of cancer: past, present and future.
Nat Rev Drug Discov 2006, 5:37–50.
45. Sharma S, Lichtenstein A: Aberrant splicing of the E-cadherin transcript is
a novel mechanism of gene silencing in chronic lymphocytic leukemia
cells. Blood 2009, 114:4179–4185.
46. Rich A, Nordheim A, Wang AH: The chemistry and biology of left-handed
Z-DNA. Annu Rev Biochem 1984, 53:791–846.
47. Filali M, Cheng N, Abbott D, Leontiev V, Engelhardt JF: Wnt-3A/betacatenin signaling induces transcription from the LEF-1 promoter. J Biol
Chem 2002, 277:33398–33410.
48. Ohm JE, McGarvey KM, Yu X, Cheng L, Schuebel KE, Cope L, Mohammad
HP, Chen W, Daniel VC, Yu W, Berman DM, Jenuwein T, Pruitt K, Sharkis SJ,
Watkins DN, Herman JG, Baylin SB: A stem cell-like chromatin pattern may
predispose tumor suppressor genes to DNA hypermethylation and
heritable silencing. Nat Genet 2007, 39:237–242.
49. Widschwendter M, Fiegl H, Egle D, Mueller-Holzner E, Spizzo G, Marth C,
Weisenberger DJ, Campan M, Young J, Jacobs I, Laird PW: Epigenetic stem
cell signature in cancer. Nat Genet 2007, 39:157–158.
50. Margueron R, Reinberg D: The Polycomb complex PRC2 and its mark in
life. Nature 2011, 469:343–349.
51. Velichutina I, Shaknovich R, Geng H, Johnson NA, Gascoyne RD, Melnick AM,
Elemento O: EZH2-mediated epigenetic silencing in germinal center B
cells contributes to proliferation and lymphomagenesis. Blood 2010,
116:5247–5255.
52. Lee TI, Jenner RG, Boyer LA, Guenther MG, Levine SS, Kumar RM, Chevalier
B, Johnstone SE, Cole MF, Isono K, Koseki H, Fuchikami T, Abe K, Murray HL,
Zucker JP, Yuan B, Bell GW, Herbolsheimer E, Hannett NM, Sun K, Odom DT,
Otte AP, Volkert TL, Bartel DP, Melton DA, Gifford DK, Jaenisch R, Young RA:
Control of developmental regulators by Polycomb in human embryonic
stem cells. Cell 2006, 125:301–313.
53. Viré E, Brenner C, Deplus R, Blanchon L, Fraga M, Didelot C, Morey L, Van
Eynde A, Bernard D, Vanderwinden JM, Bollen M, Esteller M, Di Croce L, de
Launoit Y, Fuks F: The Polycomb group protein EZH2 directly controls
DNA methylation. Nature 2006, 439:871–874.
54. Teschendorff AE, Menon U, Gentry-Maharaj A, Ramus SJ, Weisenberger DJ,
Shen H, Campan M, Noushmehr H, Bell CG, Maxwell AP, Savage DA,
Mueller-Holzner E, Marth C, Kocjan G, Gayther SA, Jones A, Beck S, Wagner
W, Laird PW, Jacobs IJ, Widschwendter M: Age-dependent DNA
methylation of genes that are suppressed in stem cells is a hallmark of
cancer. Genome Res 2010, 20:440–446.
55. Wolff EM, Chihara Y, Pan F, Weisenberger DJ, Siegmund KD, Sugano K,
Kawashima K, Laird PW, Jones PA, Liang G: Unique DNA methylation
patterns distinguish noninvasive and invasive urothelial cancers and
establish an epigenetic field defect in premalignant tissue. Cancer Res
2010, 70:8169–8178.

Page 13 of 13

56. Shanafelt TD, Ghia P, Lanasa MC, Landgren O, Rawstron AC: Monoclonal
B cell lymphocytosis (MBL): biology, natural history and clinical
management. Leukemia 2010, 24:512–520.
doi:10.1186/1471-2407-12-213
Cite this article as: Moskalev et al.: Concurrent epigenetic silencing of
wnt/β-catenin pathway inhibitor genes in B cell chronic lymphocytic
leukaemia. BMC Cancer 2012 12:213.

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

