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ABSTRACT
The decrease of Chibby1 (CBY1) contributes to b catenin constitutive activation associated with the presence of the BCR-ABL1 fusion gene of
chronicmyeloid leukemia (CML). This ismediated by transcriptional events and driven byDNAhyper-methylation at promoter-associated CpG
islands of the CBY1-encoding gene C22orf2. Moreover, CBY1 transcriptional induction proceeding from promoter de-methylation is a
component of BCR-ABL1þ cell response to Imatinib (IM). Our study showed that DNA methyltransferase 1 (DNMT1) has a central role in the
hyper-methylation at the C22orf2 promoter. Further investigation in leukemic hematopoietic progenitors from IM-responsive and IM-
resistant CML patients at diagnosis failed to demonstrate any correlation between DNMT1-driven hyper-methylation of the C22orf2 promoter
and response to IM. Notably, the response to IM was neither predicted by DNMT1-driven hyper-methylation of BCL2-like11 at diagnosis. In
conclusion, the hypermethylation of C22orf2 and BCL2-like11 promoters proceeding from DNMT1 is a crucial component of their reduced
expression, but it is not directly involved in CML resistance to IM. It might rather contribute to the disease evolution towards a drug-resistant
phenotype in more advanced phases or blast crisis. J. Cell. Biochem. 116: 589–597, 2015. © 2014 Wiley Periodicals, Inc.
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The conversion of inactive ABL into the constitutively active
ABL isoform of BCR-ABL1 fusion protein is the causative

event of chronic myeloid leukemia (CML). It is driven by the tetramer
domain at theBCRN-terminus [McWhirter et al., 1993]. Themajority
of CML patients achieve a complete cytogenetic remission in
response to TK inhibitor IM [Druker et al., 2006], but up to one third
of CML patients develop primary or secondary drug resistance
[Roychowdhury and Talpaz, 2011]. In most instances, CML
resistance to Imatinib.

(IM) and second generation TK inhibitors is caused by
BCR-ABL1-dependent mechanisms, including gene amplification
and mutations. BCR-ABL1-independent mechanisms, involving
alternative pathways downstream of BCR-ABL1, may drive a clonal
evolution of the leukemic clone towards drug resistance [La Roseée
and Hochhaus, 2008]. Notably, the leukemic stem cell (LSC)
compartment, whose self-renewal potential has a central role in
sustaining the expansion of clonal hematopoiesis, does not depend

from BCR-ABL1 TK for proliferation and survival and is resistant in
vitro to IM and the second generation TK inhibitors nilotinib and
dasatinib [Graham et al., 2002; Copland et al., 2006; Jorgensen et al.,
2007; Lemoli et al., 2009; Corbin et al., 2011; Hamilton et al., 2012].
This unique trait is now regarded as one major cause of disease
persistence under therapy and drug resistance [Chu et al., 2011; Iqbal
et al., 2013].

b Catenin is a crucial signal for self-renewal and persistence under
TK inhibitor therapy ofBCR-ABL1þ LSC [Zhao et al., 2007; Hu et al.,
2009]. Moreover, it has a role in clonal evolution of CML from
chronic phase to blast crisis [Jamieson et al., 2004; Minami et al.,
2008]. Multiple events concur to b catenin stabilization and
activation associated with BCR-ABL1. They encompass post-
transcriptional modifications resulting in b catenin impaired
degradation and/or deregulated transcription of genes whose
proteins are involved in b catenin activation [Coluccia et al.,
2007; Huang et al., 2010; Huang et al., 2013]. b Catenin increase and
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its nuclear translocation result in the binding of b catenin with the
T-cell factor/lymphoid enhancer factor 1 (TCF/LEF1) transcription
factors to form a transcriptionally active complex which triggers
critical target genes for leukemic progenitor proliferative advantage
[Henderson and Fagotto, 2002; Holland et al., 2013]. Our recent
study established that a further component of b catenin activation is
its antagonist CBY1 [Leo et al., 2013].

CBY1 is a small protein which interacts with the b catenin
C-terminal activation domain hence hampering its binding with
TCF/LEF1 transcription factors and drives b catenin nuclear export
in a tripartite complex encompassing 14-3-3 scaffolding proteins
[Takemaru et al., 2003; Li et al., 2008]. Its down-modulation in the
putative LSC compartment of CML identified by a CD34þ phenotype
is associated with b catenin nuclear localization and transcriptional
activity [Leo et al., 2013]. BCR-ABL1-associated down-modulation
of CBY1 is evoked by transcriptional events and driven by DNA
hyper-methylation at promoter-associated CpG islands of the CBY1-
encoding gene C22orf2 [Leo et al., 2013]. Notably, b catenin
inactivation in response to IM inBCR-ABL1þ cells is at least partly
driven by CBY1 induction proceeding from C22orf2 promoter
de-methylation[Mancini et al., 2013].

DNA methylation is a key epigenetic modification for cellular
processes, such as X-chromosome inactivation, imprinting, and
transcriptional silencing of specific genes and repetitive elements. In
mammals, it predominantly occurs at the CpG dinucleotides, where
DNMTs mediate the transfer of methyl groups to cytosines hence
generating 5-methylcytosines (5mC). High density CpG dinucleo-
tides, cover transcription initiation sites of approximately 70% of
annotated gene promoters. Their methylation correlates with
transcriptional silencing mediated by interference(s) with tran-
scription factor binding. The CpG island methylator phenotype
encompassing genes involved in leukemic cell proliferation and
survival is a common event in CML, eventually associated with the
disease progression and drug resistance outcome [Janssen et al.,
2010; Jelinek et al., 2011; Leo and Martinelli, 2014].

The aim of our study was to investigate the role of DNMT1 in
BCR-ABL1-associated hyper-methylation of C22orf2 and the
BCL2-like11 promoters and CML response to TK inhibitors.

MATERIALS AND METHODS

CELLS AND TREATMENTS
The BCR-ABL1þ cell line K562, originated from a CML patient in
blast crisis, was used for our preliminary experiments. Biomolecular
analyses in K562 cells treatedwith IM (2mM) and the de-methylating
agent 5-aza-20-deoxycytidine (5-Aza-CdR) (0.5mM) were carried to
correlate the impact of DNMT1 recruitment at the C22orf2 promoter
with its hyper-methylation and transcription rate. To investigate the
putative correlation between C22orf2 promoter hyper-methylation
and transcription rate with the therapy outcomes, five CML patients
in major molecular response (MMR) to IM and three CML patients
who developed IM resistance while on treatment were analyzed. All
the patients were in chronic phase. Mononuclear cell fractions
(MCFs) were isolated from bone marrow samples by Ficoll-Hypaque
(GE Healthcare) technique. Cells were preliminarily assayed for BCR-

ABL1 mutations by direct sequencing (data not shown). Pooled
MCFs from peripheral blood samples of eight healthy persons (HPs)
were used as controls for transcript and protein levels and epigenetic
chromatin modifications. Preliminary experiments let us to exclude
any significant difference in gene expression and epigenetics
relative to the cell source (data not shown). Clinical samples and data
were collected according to the guidelines of clinical trials
NCT00769327, NCT01535391, and NCT01061177 (ref. clinical-
trials.gov) approved by the Ethical Committee of the Policlinico S.
Orsola-Malpighi on July 15, 2008, September 13, 2011, and June 29,
2010, respectively. Participants were informed of the general
purpose of our study and that the data obtained from their
samples would be kept anonymous and unlinked from clinical
databases.

RNA ANALYSIS
Total RNA was extracted using a commercial kit (SV total RNA
Isolation System from Promega) according to the manufacturer’s
instructions. RT reaction was carried on 1mg of total RNA using
ImProm-II Reverse Transcription System (Promega). The RT reaction
was performed in a final volume of 50ml containing 1mg of total
extracted RNA, 10ml of ImProm-II 5X Reaction Buffer, 3mM of
MgCl2, 0.5mM of each dNTPs, 20 U of Recombinant RNasin
Ribonuclease Inhibitor, and 0.5mg of random hexamers. The RT
reaction contemplates an initial step at 25°C for 50 followed by 40°C
for 800 and 72°C for 150.

PCR amplifications were performed with 1.25U of Taq DNA
Polymerase kit (Roche) in 30ml of reaction buffer containing
0.4mM of each primer, 0.2mM dNTPs and 5ml of RT product. PCR
was performed after a 40 denaturation step at 95°C, followed by 32
cycles with a denaturation step at 95°C for 3000, a primer annealing
step at 59°C (CBY1 and beta-2-microglobulin [B2M]) and 60°C
[BCL2-like11] for 3000 and an elongation step at 72°C for 3000. The
following primers were used: 50-AGAGTCCTTGCTGGGGGTTCG-30

(forward) and50-CTCCACCTCCCGGGTTGATCG-30 (reverse) to
amplify the two isoforms (200 and 340 bp) of CBY1,
50-GCCAAGCAACCTTCTGATG-30 (forward) and 50-AATACCCACTG-
GAGGACCG-30 (reverse) to amplify a 286 bp region of BCL2-like11
and50-CTCGCGCTACTCTCTCTTTCT-30 (forward) and 50-TCA-
CATGGTTCACACGGCAGGC-30 (reverse) to amplify a 289 bp region
of B2M, as control for RT efficiency.

PROTEIN ANALYSIS
Western blot (WB) analyses were performed on whole cell lysates
according to published methods [Mancini et al., 2010]. The anti-ABL
antibody recognizing the phosphorylated isoform at tyrosine residue
(Y245) within the SH2-domain, proceeding from Y412 phosphor-
ylation in the activation loop responsible for BCR-ABL1 constitutive
TK activity, was purchased by Cell Signaling Technology. The anti-
CBY1 antibody was kindly provided by Ken-Ichi Takemaru
[Takemaru et al., 2003]. The anti-b-catenin and -cyclin D1
antibodies were purchased from Cell Signaling Technology. The
anti-BCL2-like11 antibody was purchased from Oncogene. The anti-
beta actin antibody used as a control for protein loading was
purchased from Santa Cruz Biotechnology. Signal intensities in
single blots obtained in three separate experiments were measured
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by means of ChemiDoc-It instrument equipped with dedicated
software (Launch VisionWorksLS, Euroclone). The differences
among signal intensities were evaluated for statistical significance
using the paired Student’s t-test.

CHROMATIN IMMUNOPRECIPITATION (ChIP)
Cells were fixed in RPMI at 1% final concentration of formaldehyde.
After 10min incubation at room temperature the reaction was
stopped by the addition of 1.25mM glycine. ChIP was performed
using a commercial kit (EpiQuik Chromatin Immunoprecipitation Kit
from Epigentek) using an anti-5 methylcytosine (5mC) from
ZymoResearch and an anti-DNMT1 (Sigma) ChIP grade antibodies.
Fifty ng eluted DNAwere then amplified by PCR (initial denaturation
95°C for 100, 35 cycles: denaturation: 95°C for 3000, annealing 58°C
for 3000 and elongation at 72°C for 3000) using FastStart Taq
Polymerase Kit (Roche). The following primers were used
F-50 AGGTCAGTGATCCAGCTGCTTGT 30 and R-50 ACTCATGCTG-
CACACCCGGC 30to amplify a 205 bp promoter region encompassing
nucleotides�85 toþ120 of C22orf2 promoter. PCR amplification of
a 342 bp sequence of BCL2-like11 promoter (at an ATG internal
region of 358 bp encompassing nucleotides�268 toþ90 critical for
gene transcription) was performed on DNA fromChIP products using
the following primers:50 ACTCCACAAGCTGGGGAGCTGAT 30

(forward) and 50AGGCCTCTCAGCAGGCTGCAATT 30 (reverse).

RESULTS

The aim of the study presented here was to investigate the role of
DNMT1 in BCR-ABL1-associated hyper-methylation of C22orf2
promoter and CML response to TK inhibitors. Preliminary experi-
ments carried in the Philadelphia 1 (Ph1)þ cell line K562 showed that
CBY1 transcriptional induction following BCR-ABL1 TK inhibition
by IM is associated with C22orf2 promoter de-methylation and
persistent reduction of DNMT1 at a 205 bp sequence of C22orf2
promoter encompassing nucleotides �85 to þ120 (P< 0.05 or less)
(Fig. 1A). Both 5mC and DNMT1 reduction at the C22orf2 promoter
were early events, already apparent at first hour of drug exposure,
and persisting up 24th hour, when CBY1 transcript was already
declining (Fig. 1A). By the time, CBY1 protein expression was still
significantly higher compared to the untreated control (P< 0.05 or
less), supporting the contribution of post-transcriptional events
affecting the protein stability to CBY1 down-regulation by
BCR-ABL1 TK [Leo et al., 2013]. The participation of DNMT1
release from C22orf2 promoter in CBY1 transcriptional induction
was supported by results obtained with the de-methylating agent
5-Aza-CdR, a drug promoting selective DNMT1 degradation, but not
affecting BCR-ABL1 TK [Ghoshal et al., 2005; Mancini et al., 2013].
As expected, 5-Aza-CdR (0.5mM) induced a persistent and
significant reduction of DNMT1 recruitment at the above mentioned
C22orf2 promoter region since 24th up to 72nd hour, associatedwith
5mC decrease and CBY1 transcript increment (P< 0.05 or less)
(Fig. 1B). Notably, C22orf2 promoter de-methylation in response to
5-Aza-CdR required a longer interval (24 h) compared to IM (1 h)
(Fig. 1B). The findings strengthen the central role of BCR-ABL1 TK
activity in the epigenetic control of gene expression. Notably,

C22orf2 promoter de-methylation persisted up to 24th hour of IM
treatment and 48th hour of 5-Aza-CdR treatment, when CBY1
transcript already declined (Fig. 1A,B). The findings suggest that
BCR-ABL1-associated chromatinmethylation status is controlled by
further signals in addition to DNMT1.

CBY1 epigenetic down-regulation may play a role in CML
prognosis, eventually proceeding from b catenin increase and
activation. The putative impact of CBY1 expression on CML
responsiveness to IM was investigated in MCFs from bone marrow
samples of five CML patients who exhibited a MMR to IM and three
patients who developed IM resistance (not contingent upon
BCR-ABL1 point mutations) during treatment. In both groups of
patients CBY1 expression levels, 5mC content and DNMT1
recruitment at the C22orf2 promoter were assessed at clinical
diagnosis. Clinical characteristics of patients included in the study
are illustrated in Table I. MCFs from peripheral blood apheresis
from eight healthy persons (HPs pooled to avoid individual
differences) were used as control for gene expression and
chromatin epigenetics. Three out of five IM-responsive patients
exhibited a significant reduction of both CBY1 transcript isoforms
compared to normal control pool (P< 0.05 or less) (Fig. 2A). CBY1
transcriptional down-modulation was associated with significant
enhancement of DNMT1 recruitment and 5mC content at the
C22orf2 promoter compared to the HP pool (P< 0.005 or less)
(Fig. 2A). It matched significantly lower expression of the CBY1
protein (P< 0.001 or less) (Fig. 2B). The findings support the
contribution of post-transcriptional events affecting the protein
stability to CBY1 reduction associated with BCR-ABL1 [Leo et al.,
2013]. As expected, CBY1 reduced expression was related with
higher levels of b catenin and cyclin D1, a direct target of the b

catenin/TCF complex critical for deregulated proliferation of BCR-
ABL1-transformed cells (P< 0.05 or less) (Fig. 2B) [Afar et al.,
1995]. All three CML patients who developed IM resistance during
treatment exhibited a similar reduction of CBY1 transcript
compared to HP pool (P< 0.05 or less) (Fig. 3A). As in IM-
sensitive patients, CBY1 transcriptional down-modulation was
associated with enhanced DNMT1 recruitment at the C22orf2
promoter and hyper-methylation (P< 0.01 or less) (Fig. 3A).
Moreover, it paralleled a much greater reduction of CBY1 protein
and a significant increase of b catenin and cyclin D1 (P< 0.001 or
less) (Fig. 3B). Our results confirmed that C22orf2 promoter hyper-
methylation is a central component of CBY1 transcriptional down-
modulation in more differentiated hematopoietic progenitors of
CML as in the putative LSC compartment identified by the CD34þ
phenotype and let advance DNMT1 participation in such
epigenetic modification [Leo et al., 2013]. However, neither
CBY1 down-modulation nor DNMT1-driven C22orf2 promoter
hyper-methylation at the moment of clinical diagnosis are
predictive of CML prognosis and, in particular, of the disease
responsiveness to IM.

BCL2-like11 was chosen for further investigation on the role of
BCR-ABL1-associated methylator phenotype at tumor suppressor
genes in CML responsiveness to IM. Here we show that both gene
transcript and product were significantly reduced inMCFs from bone
marrow samples of IM-resistant patients at the moment of clinical
diagnosis compared to normal control (P< 0.0001 or less) (Fig. 4). As
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in the case of IM-sensitive patients BCL2-like11 transcriptional
down-modulation was associated with the hyper-methylation of
BCL2-like11 promoter at a 342 bp sequence encompassing nucleo-
tides �268 to þ90 and contingent upon significantly enhanced
recruitment of DNMT1 (P< 0.001 or less) (Fig. 4). Those results let
conclude that DNMT1 has a central role in C22orf2 and BCL2-like11
promoter hyper-methylation, resulting in gene transcriptional
down-modulation. However, DNMT1-driven hyper-methylation of

both gene promoters at diagnosis is not predictive of IM-resistance
outcome.

DISCUSSION

CML is caused by a single genetic lesion, the BCR-ABL1 fusion gene,
andmay be cured with drugs targeting the constitutive TK activity of

Fig. 1. DNMT1-driven hyper-methylation of the C22orf2 promoter is a component of CBY1 transcriptional down-modulation associated with BCR-ABL1 TK. (A) In BCR-ABL1þ
cell line K562 (which exhibits low levels of CBY1 transcript and no protein) p210 BCR-ABL1 inhibition in response to IM was associated with a significant increment of CBY1
protein and transcript (P< 0.05 or less) and b catenin protein up to 5th h (P< 0.01 or less) of IM treatment. b Catenin expression underwent a significant reduction (P< 0.01)
likely contingent upon degradation by the APC/Axin/GSK3b destruction complex. CBY1 transcriptional increment is contingent upon a significant reduction of 5mC content and
DNMT1 recruitment at 205 bp region encompassing nucleotides -85 to þ120 of C22orf2 promoter since 1st up to 24th h of treatment with 2mM IM (P< 0.05 or less); (B)
DNMT1 release from the above mentioned region of C22orf2 promoter resulted in its de-methylation and CBY1 transcriptional induction (P< 0.05 or less) following treatment
with 0.5mM 5-Aza-CdR, a drug promoting selective DNMT1 degradation but not affecting the BCR-ABL1 TK. Results presented here have been confirmed in three individual
experiments. Signal intensities and statistical significance of differences have been measured as described in detail in the Materials and Methods section. DNA input was used as
control of DNA amplification after chromatin Immunoprecipitation (ChIP) assay. B2M served as control for retro-transcription and PCR.
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BCR-ABL1 fusion proteins [McWhirter et al., 1993; Druker et al.,
2006] Additional signals, supporting proliferation and giving a
survival advantage to the clonal hematopoiesis, may be implicated
in the disease progression and in the resistance to TK inhibitors [La
Roseée and Hochhaus, 2008]. In particular, b catenin has been
involved in the long-term renewal of LSC and reprogramming of
more mature granulocyte-macrophagic progenitors towards stem-
ness [Jamieson et al., 2004; Zhao et al., 2007;Minami et al., 2008; Hu
et al., 2009]. In such cell context, b catenin may therefore act as a
putative signal of resistance to TK inhibitors and be central in the

disease relapse. Events contributing to b catenin activation in CML
involve b catenin stabilization by BCR-ABL1 phosphorylation at
tyrosine residues 86 and 654 (which impairs the recruitment by
adenomatous polyposis coli [APC]/Axin/glycogen synthase kinase 3
b [GSK3 b] destruction complex), overexpression of growth arrest
specific 2 (GAS2, which reduces the calpain-dependent degradation),
and GSK3b inactivation due to the prevalence of a GSK3b mis-
spliced isoform unable to phosphorylate b catenin and/or to GSK3b
de-phosphorylation by the Fas-associated phosphatase 1 (Fap1)
[Coluccia et al., 2007; Huang et al., 2010, 2013]. CBY1, a b catenin

TABLE I. Characteristics of IM-Responsive (S1 Through S5) and IM-Resistant (R1 Through R3) CML Patients Included in our Study

Patient Sokal score CR MMR 2nd line therapy Best CR MMR

S1 Low CCR Yes / / /
S2 Low CCR Yes / / /
S3 Low CCR Yes / / /
S4 Inter CCR Yes / / /
S5 High CCR Yes / / /
R1 High No No Dasatinib No No
R2 High No No Nilotinib No No
R3 High Minimal No Dasatinib Minimal No

The disease prognosis was expressed by Sokal score as low, intermediate or high risk of progression [Sokal et al., 1988]. The cytogenetic response (CR) to IM treatment was
complete (CCR) in five IM-responsive patients, absent or minimal in three IM-resistant patients. Accordingly, major molecular response (MMR) was only seen in the former
group of patients. IM-resistant patients were enrolled in 2nd line therapy protocols with either dasatinib or nilotinib, but did not achieve any CR or MMR.

Fig. 2. DNMT1 recruitment leading to hyper-methylation of C22orf2 promoter and CBY1 transcript reduction at the moment of diagnosis in CML patients who responded to IM
therapy. (A) At diagnosis, CBY1 transcript reduction compared with normal control (HP, pooled RNA from peripheral blood MCFs of eight HPs) was apparent in three out of five
CML patients who responded to IM therapy (S1, S2 and S5) (P< 0.05 or less). In all cases it was associated with significantly enhanced DNMT1 and 5mC amounts at the C22orf2
promoter inMCFs from bone marrow samples compared to normal control (P< 0.05 or less). (B) CBY1 protein down-modulation was associated with a significant increment ofb
catenin and of its target gene cyclin D1 (P< 0.05 or less). Actin was used as control for protein loading. See legend to Figure 1 for other abbreviations.
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antagonist encoded by C22orf2 (close to the BCR breakpoint on
chromosome 22q11) is a further component of b catenin signalling
in CML hematopoietic progenitors and LSC [Takemaru et al., 2003;
Leo et al., 2013]. CBY1 reduction associated with BCR-ABL1 TK is
partly contingent upon transcriptional events and mediated by
hyper-methylation of a promoter region critical for gene tran-
scription [Leo et al., 2013; Mancini et al., 2013]. Our results provided
evidence of the role of DNMT1 enhanced recruitment in C22orf2
promoter hyper-methylation leading to CBY1 down-regulation
associated with the BCR-ABL1 TK (Fig. 1A). Accordingly, CBY1
transcriptional induction was also promoted by 5-Aza-CdR, which
degrades DNMT1 without affecting the BCR-ABL1 protein enzy-
matic activity, through C22orf2 promoter de-methylation (Fig. 1B)
[Ghoshal et al., 2005]. However, DNMT1 release from the C22orf2
promoter, resulting in its de-methylation, persisted longer than
CBY1 transcriptional induction and paralleled the inhibition of p210
BCR-ABL enzymatic activity by IM (Fig. 1). The findings support the

participation of additional events in chromatin epigenetic
modification(s) driving b catenin activation in CML. Such events
may encompass the histone H3 de-methylation at critical residues
for chromatin accessibility to transcription factors and 5mC
hydroxylation by Ten-Eleven-Translocation 2 (TET2) dioxygenase
associated with the BCR-ABL1 rearrangement, and may concur with
DNMT1 to regulate CBY1 transcription in CML [Mancini et al., 2011,
2012]. Our results support the putative role of CBY1 and DNMT1 in
the BCR-ABL1-driven transformation of hematopoiesis, already
advanced in lung cancers [Xu et al., 2011].

The IM-resistant phenotype in BCR-ABL1þCML and chronic
eosinophilic leukemia have been associated with DNA hyper-
methylation-mediated silencing of the phosphatase and tensin
homolog deleted on chromosome ten (PTEN) gene [Nishioka et al.,
2010, 2011]. The above showed correlation between DNMT1-driven
methylation status of the C22orf2 promoter and CBY1 expression
following BCR-ABL1 inhibition in response to IM addressed further

Fig. 3. DNMT1 recruitment leading to hyper-methylation of C22orf2 promoter and CBY1 transcript reduction at the moment of clinical diagnosis in CML patients who
developed IM resistance during therapy. (A) At the moment of clinical diagnosis, MCFs from bone marrow samples of all three CML patients who developed BCR-ABL1-
independent resistance to IM (R1 through R3) exhibited a significant CBY1 transcript reduction (P< 0.05 or less) compared to normal control (HP), associated with a significant
increment of 5mC content and DNMT1 recruitment at the C22orf2 promoter. (B) CBY1 down-modulation was associated with a significant increment of b catenin and its target
gene cyclin D1 (P< 0.01 or less). See legends to Figures 1 and 2 for details and abbreviations.
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investigation, aimed to determine the prognostic value of such
epigenetic trait in terms of CML responsiveness to IM in vivo. To this
purpose, we integrated our research with the DNMT1-dependent
methylation status of BCL2-like11, a crucial tumour suppressor gene
for prognosis of IM-treated CML patients [Kuroda et al., 2006; San
José-Eneriz et al., 2009]. BCL2-like11 dysfunction either due to an
intronic deletion polymorphism or to a single nucleotide poly-
morphism (c465C> T) has been associated with CML resistance to IM
[Ng et al., 2012; Augis et al., 2013; Katagiri et al., 2013]. Although the
patient cohort included in our study was quite small, our results
support that DNMT1-induced hyper-methylation of C22orf2 and
BCL2-like11 promoters at the moment of clinical diagnosis was
associated with gene transcriptional down-modulation, but not
correlatedwith the outcome of CML resistance to IM during treatment
(Figs. 2–4; Leo et al., 2012).

C22orf2 and BCL2-like11 are neither the sole nor the most
important genes whose expression is down-regulated by promoter
hyper-methylation. Indeed, the CpG island methylator phenotype is
a common event in CML, eventually associated with the disease
progression and drug resistance outcome [Janssen et al., 2010;
Jelinek et al., 2011; Leo and Martinelli, 2014]. In first instance, it
concerns the two genes involved in t (9;22) reciprocal translocation

which generates the BCR-ABL1 gene. The allele-specific de novo
methylation of ABL1 promoter (Pa) nested within the chimeric
oncogene progressively increases with the disease progression [Zion
et al., 1994; Asimakopoulos et al., 1999; Sun et al., 2001]. It may be
one component of ABL1 tumor suppressor function inactivation.
BCR promoter methylation correlates with a better response to IM
through events likely encompassing BCR-ABL1 transcription [Koh
et al., 2011]. Moreover, BCR-ABL1-associated DNA hyper-methyl-
ation affects genes coding for transcription factors (JunB, IRF-4,
CEBPA, HOXA4, PU.1, TFAP2A, and EBF1), tumor suppressors
(SOCS1, PLCD1, DAPK1, PTPRG, and DDIT3), and tumor-associated
antigens (PRAME) [Machova et al., 2013; Leo and Martinelli, 2014].
The identification of DNMT1 as a component of DNA hyper-
methylation leading to transcriptional down-modulation of C22orf2
and BCL2-like11 tumor suppressor genes involved in BCR-ABL1
leukemogenesis support the use of DNMT1-targeting agents in
treatment of advanced phases or resistant to IM CML [Katarjian et al.,
2003; Issa et al., 2005; Oki et al., 2007]. However, DNMT1-driven
hyper-methylation of C22orf2 and BCL2-like11 in more differ-
entiated CML progenitors at diagnosis are neither correlated
with CML prognosis nor predict the disease responsiveness to IM
(Figs. 2–4; Leo et al., 2013). Further investigation in LSC is required

Fig. 4. DNMT1 recruitment leading to hyper-methylation of BCL2-like11 promoter and transcript reduction at the moment of clinical diagnosis in CML patients who developed
IM resistance during therapy. DNMT1 and 5mC amounts at BCL2-like11 promoter region encompassing an ATG internal region of 358 bp encompassing nucleotides -268 toþ90
critical for gene transcription correlated with its transcript and protein significant reduction (P< 0.05 or less) in all three IM-resistant CML patients (R1 through R3). See legends
to Figures 1 and 2 for abbreviations.
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to establish whether such epigenetic eventually drives CML clonal
evolution towards drug resistance, as other tumor suppressor genes
do [Janssen et al., 2010].
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