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Abstract
Aberrant DNA methylation of tumor suppressor genes has been reported in all major types of leukemia
with potential involvement in the inactivation of regulatory cell cycle and apoptosis genes. However, most of
the previous reports did not show the extent of concurrent methylation of multiple genes in the four leukemia
types. Here, we analyzed six key genes (p14, p15, p16, p53, DAPK and TMS1) for DNA methylation using
methylation specific PCR to analyze peripheral blood of 78 leukemia patients (24 CML, 25 CLL, 12 AML, and
17 ALL) and 24 healthy volunteers. In CML, methylation was detected for p15 (11%), p16 (9%), p53 (23%) and
DAPK (23%), in CLL, p14 (25%), p15 (19%), p16 (12%), p53 (17%) and DAPK (36%), in AML, p14 (8%), p15
(45%), p53 (9%) and DAPK (17%) and in ALL, p15 (14%), p16 (8%), and p53 (8%). This study highlighted
an essential role of DAPK methylation in chronic leukemia in contrast to p15 methylation in the acute cases,
whereas TMS1 hypermethylation was absent in all cases. Furthermore, hypermethylation of multiple genes
per patient was observed, with obvious selectiveness in the 9p21 chromosomal region genes (p14, p15 and p16).
Interestingly, methylation of p15 increased the risk of methylation in p53, and vice versa, by five folds (p=0.03)
indicating possible synergistic epigenetic disruption of different phases of the cell cycle or between the cell cycle
and apoptosis. The investigation of multiple relationships between methylated genes might shed light on tumor
specific inactivation of the cell cycle and apoptotic pathways.
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Introduction
Leukemia is the most common fatal cancer among
males under the age of 40 years, and females under
the age of 20 years (Jemal et al., 2008). Leukemia is a
heterogeneous group of blood malignancies that can be
classified into four classical types according to tissue type
and stage of differentiation, namely; chronic myeloid
leukemia (CML), chronic lymphoid leukemia (CLL),
acute myeloid leukemia (AML), and acute lymphoid
leukemia (ALL).
Theoretically, it is suggested that cancer originates
from an abnormal “program” resulting in different
downstream events, rather than several random events
(Jones and Baylin, 2007). In most leukemias, genetic /
chromosomal translocations often result in the formation
of “fusion genes”. These genes express chimeric proteins
with dominant-negative control over the proliferation and
differentiation downstream pathways in the cell (Di Croce,
2005).

Recently, several reports showed that epigenetic
abnormalities i.e. heritable changes in chromatin structure,
play a significant role in cancer progression. Global DNA
hypomethylation, as well as gene-specific aberrations in
DNA methylation (such as hypermethylation in tumor
suppressor genes) were described in many types of
malignancies including leukemia (Galm et al., 2006).
The hypo- and hyper-methylation for several genes have
been studied in different types of leukemia (reviewed by
Lehmann et al., 2004). Increasing evidence implies that
DNA methylation takes place in a cancer type-specific
fashion (Costello et al., 2000; Scholz et al., 2005).
In CML, Methylation was reported to be less frequent
compared to other types of leukemia. Incidence of
methylation was reported in p14 (Kusy et al., 2003), p15
(Nguyen et al., 2000; Kusy et al., 2003; Uehara et al.,
2012), and DAPK (Katzenellenbogen et al., 1999) but
not p16 (Herman et al., 1997; Kusy et al., 2003).
In CLL patients, methylation was reported in p15
(Nguyen et al., 2001; Chim et al., 2006; Seeliger et al.,
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2009), p16 (Nosaka et al., 2000; Chim et al., 2006a;
Tsirigotis et al., 2006; Seeliger et al., 2009) and DAPK
(Katzenellenbogen et al., 1999; Chim et al., 2006b).
In AML, Methylation in p15 gene is a frequent event
(Melki et al., 1999; Wong et al., 2000; Chim et al., 2001;
Chim et al., 2003; Ekmekci et al. 2004; Galm et al., 2005;
Shimamoto et al., 2005; Griffiths et al., 2010; Kurtovic et
al., 2012) in contrast to the closely related p14 and p16
genes. Methylation in p14 gene is absent in AML patients
(Christiansen et al., 2003; Chim et al., 2008). Relatively
low frequency of methylation was reported in p16 gene
(Wong et al., 2000; Chim et al., 2001; Garcia-Manero
et al., 2003; Matsushita et al., 2004; Roman-Gomez
et al., 2004; Roman-Gomez et al., 2006) and DAPK
(Katzenellenbogen et al., 1999; Galm et al., 2005; Chim
et al., 2008; Griffiths et al., 2010).
In ALL, Methylation in p15 gene was also a frequent
event (Chim et al., 2001; Chen and Wu, 2002; GarciaManero et al., 2002b; Roman-Gomez et al., 2005; Takeuchi
et al., 2012) in contrast to less frequently methylated p14
(Roman-Gomez et al., 2004; Roman-Gomez et al., 2006),
p16 (Melki et al., 1999; Chim et al., 2003; Ekmekci et al.,
2004; Galm et al., 2005), DAPK (Roman-Gomez et al.,
2004; Roman-Gomez et al., 2005; Roman-Gomez et al.,
2006; Takeuchi et al., 2012), and TMS1 genes (RomanGomez et al., 2004; Roman-Gomez et al., 2006).
In this study, two tumor suppressor genes involved
in cell cycle regulation (p15 and p16) and four tumor
suppressor genes involved in apoptosis regulation (p14,
p53, DAPK and TMS1) are investigated.
The aim was to evaluate the concurrent methylation
profiles of these genes in peripheral blood of chronic and
acute leukemia patients. Additionally, a group of healthy
individuals was also analyzed for comparison.

Materials and Methods
Blood Samples and DNA Extraction
A total of 102 subjects were recruited for this study,
including 78 leukemia patients (43 males and 35 females),
with a median age of 43 years (range 4-79) and 24 healthy
volunteers. The clinical data for leukemia patients is shown
in Table 1. Peripheral blood samples were collected prior
to chemotherapy at routine patient visits to the local clinics
in the period between January 2006 and May 2008 and
were stored at -20°C. Clinical assessments were provided

by the authors. The study was approved by the University
Review Committee for Research on Humans, Faculty of
Medicine, Jordan University of Science and Technology.
Genomic DNA was isolated from 2 ml peripheral blood
using Genomic Wizard kit (Promega, USA) according to
manufacturer’s instructions. DNA quantification was done
by spectrophotometry and 1% Agarose gel.
Bisulfite treatment and MSP
Sodium Bisulfite treatment was carried out according
to conventional procedure (Herman et al., 1996). DNA was
denatured and treated with bisulfite addition (sulphonation
overnight), followed by DNA desalting, desulphonation
and precipitation. Briefly, a volume of 50 μl containing
not more than 1μg of DNA was denatured by 5.5 μl NaOH
(2M, freshly prepared) for 20 min. 30 μl Hydroquinone
(10mM, freshly prepared) were added to reduce DNA
degradation by bisulfite. 510 μl Sodium Bisulfite (3.9M,
freshly prepared) were added to differentially convert
unmethylated cytosine to uracil. The tubes were sealed,
wrapped in foil and incubated overnight (15-16 hours) in
water-bath at 50°C. Later, the modified DNA was desalted
using EZ-10 Spin Column DNA Cleanup kit (Bio Basic
Inc., Canada) according to manufacturer’s instructions,
and eluted to a final volume of 50 µl. A 5 min desulfonation
step by (3M) NaOH was performed to remove residuals
of bisulfite, and was followed by ethanol precipitation
overnight to enhance DNA yield. DNA was incubated
in 50 µl of DNA Rehydration Solution (Promega, USA)
overnight at 4°C and finally stored at -20°C until use.
Methylation sensitive PCR (MSP) was used to study
the methylation status of 6 tumor suppressor genes.
For each gene, two pair sets of primers were used to
discriminate between the methylated and unmethylated
templates as described in the previous literature for p14
(Nagasawa et al., 2006), p15 (Brakensiek et al., 2005),
p16 (Wong et al., 2000), p53 (Ding et al., 2004). DAPK
(Galm et al., 2005) and TMS1 (Das et al., 2006). Positive
control for the methylation-specific reaction was prepared
from enzymatically methylated human male genomic
DNA (CpGenomeTM Universal Methylated DNA,
Chemicon International, USA). Positive control for the
non-methylation specific reaction was prepared from
normal peripheral blood.
The PCR reactions were carried out in a total volume
of 25μl with 1-2μl of bisulfite treated DNA, 7.5 pmol of

Table 1. Clinical Data for 78 Leukemia Patients
Characteristics
Number of patients
M/F ratio		
Age, mean (range)		
Cytogenetics
t(9;22)
t(8;21)
t(15;17)
Trisomy 12
Blood test
Mean Hb (range)1
Mean WBC (range)2
Mean PLT (range)
Follow up
Blood transfusion
Complete remission
CNS involvement

CML

CLL

AML

ALL

24
10/14
38.8 (17-67)
17
1
12.2 (7.5-15.6)
7.5 (3.1-31.8)
243 (86-602)
3
-

25
18/7
62.5 (41-79)
1
11 (8.3-12.8)
5.9 (3.2-7.6)
227 (22-373)
1

12
6/6
44 (24-72)
2
12.9 (6.7-17.2)
23.7 (2.6-83.7)
136 (2-223)
5
4
-

17
9/8
20.2 (4-64)
12.5 (11.1-14.2)
5.5 (0.6-7.8)
221 (9-336)
3
4
2

:g/dl, 2:*1000/ul

1
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each of sense and antisense primers, 12.5 μl PCR master
mix (GoTaq® Green Master Mix, Promega, USA), and
nuclease free water using thermal cycler (iCycler, BIORAD, USA). The MSP program started with an initial
denaturation cycle at 95°C for 7 min, followed by 40
cycles of (95°C for 45s, annealing temperature for 1
min, 72°C for 1 min). Subsequently, a final extension
cycle at 72°C for 5 min, and finally held at 4°C. The
annealing temperatures for the unmethylated (U) and
methylated (M) reactions for the studied genes were as
follows: p14 (U:64°C, M:66°C). p15 (U:58°C, M:61°C).
p16 (U:65°C, M:65°C). p53 (U:60°C, M:60°C). DAPK
(U:62°C, M:65°C) and TMS1 (U:55°C, M:65°C). After
amplification, 10 µl of PCR products were resolved
using 2% Agarose gel electrophoresis. Results were
classified as positive for methylated allele when M primer
successfully amplified a product, as negative when only
U primer was amplified, and as missing when U primer
failed to amplify after two trials. Since both methylated/
unmethylated reactions were performed separately,
missing amplification of unmethylated allele is not
comparable to negative amplification of the methylated
allele since the same case amplified for at least one
different gene.
Statistical analysis
Differences in the methylation status were evaluated
by non-parametric Fisher’s exact test. For risk assessment,
a binary logistic regression was used to measure the odds
ratio. A p-value of <0.05 was considered as statistically
significant. The Statistical Package for the Social Sciences
program was used for data analysis (SPSS for Windows

16.0, SPSS Inc., USA).

Results
Clinical data
A total of 78 cases of leukemia (43 males and 35
females) and 24 healthy volunteers were included in this
study. Twenty four cases were diagnosed with CML, 25
cases with CLL, 12 cases with AML, and 17 cases were
diagnosed with ALL. The patient’s median ages were 40,
65, 43, and 17 for CML, CLL, AML, and ALL groups,
respectively. Clinical characteristics were shown in Table
1. Blood tests were relatively similar among the four types
of leukemia, with the exception of elevated WBC counts
in CLL patients; a common characteristic for this type.
Among the patients, 8 cases had blood transfusion, 11
cases have reached complete remission, and 3 cases had
central nervous system (CNS) involvements in the past.
DNA methylation
DNA methylation profiles for acute leukemia
patients are shown in Table 2 and for chronic leukemia
patients in Table 3. Representative gel documentation of
methylation sensitive PCR is shown in Figure 1. Overall,
the frequencies of methylation in Leukemia cases were
variable (Figure 2). DNA methylation in p14 gene was
detected in 25% of CLL cases, 8% of AML cases, and was
not detected in any of the CML or ALL cases. Methylation
in the p15 gene was seen in 11% of CML cases, 19% of
CLL cases, 45% of AML cases, and 14% of ALL cases.
DNA methylation in p16 was seen in 9% of CML cases,
12% of CLL cases, and 7% of ALL cases but in none of

Table 2. Methylation Profile for Acute Leukemia Patients
Sample
Sex
Age (y)
Blood Transfusion
Remission
					
ALL1
ALL2
ALL3
ALL4
ALL5
ALL6
ALL7
ALL8
ALL9
ALL10
ALL11
ALL1+
ALL13
ALL14
ALL15
ALL16
ALL17
AML18**
AML19
AML20**
AML21
AML22
AML23
AML24
AML25*
AML26*
AML27
AML28
AML29

M
M
M
M
M
M
F
M
M
F
F
F
F
F
F
F
M
M
M
M
M
M
M
F
F
F
F
F
F

43		
15
Recieved
46
Recieved
20		
4		
5		
12		
7		
36		
17		
14		
17
Recieved
64		
17		
7		
22		
7		
55
Recieved
72		
45
Recieved
24		
47		
31		
42		
39
Recieved
45
Recieved
38		
28		
62
Recieved

p14

p15

Methylation Profile
p16
p53
DAPK

No		 -		-		
Yes						
No		 -				
No
+
+
+			
No
+
+
+		
No				+		
No						
No
+		 +
+
+
No
+					
Yes						
No					 +
Yes						
No						
Yes						
No						
No				+		
No		 +
+
+		
Yes		 -		-		
No		 -				
Yes						
No						
No
-				
No						
No		 +				
No				+
Yes		 -				
Yes					 No		 -				
No						

*t(15,17) karyotype; **Normal Karyotype
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Table 3. Methylation Profile for Chronic Leukemia Patients
Sample
Sex
Age (y)
Karyotype
Remission
					
CLL30
CLL31
CLL32
CLL33
CLL34
CLL35
CLL36
CLL37
CLL38
CLL39
CLL40
CLL41
CLL42
CLL43
CLL44
CLL45
CLL46
CLL47
CLL48*
CLL49
CLL50
CLL51
CLL52
CLL53
CLL54
CML55
CML56
CML57
CML58
CML59
CML60
CML61
CML62
CML63
CML64
CML65
CML66
CML67
CML68
CML69
CML70
CML71
CML72
CML73
CML74
CML75
CML76
CML77
CML78

M
45		
M
69		
M			
M
70		
M
77		
M
72		
M
41		
M
69		
M
51		
M
76		
M
69		
M
62		
M
58		
M
49		
M
54		
M
67		
M
56		
M
50
Trisomy 12
F
69		
F
60		
F
71		
F
49		
F
79		
F
65		
F			
M
51
t(9;22) and t(8;21)
M
38		
M
51
t(9;22) p210 version b2α2
M
20 t(9;22) p210 versions b2α2 and b3α2
M
45		
M			
M
17
t(9;22)
M
41
t(9;22) p210 version b2α2
M
45
t(9;22)
M
40
t(9;22)
F
43		
F
30
t(9;22), p210
F
55
t(9;22), p210
F
18
t(9;22), p210 version b3α2
F
38
t(9;22), p210
F
44
t(9;22), p210
F
38
t(9;22), p210
F
67		
F
39
t(9;22)
F
43
t(9;22)
F
42
t(9;22)
F
19
t(9;22), p210
F
34
t(9;22)
F
4		

p14

p15

Methylation Profile
p16
p53
DAPK

No		 +		 -		
No						
No			-		 No		 -				
No					 No
-			 No
+
+				
No		 No						
No
+				 +
No
+					
No
-				 +
No
+					
No
-				 No					 +
No		 +				
No
-			+		
No				
+		
No		-		-		
No					 No						
No
+			 -		
No					 No
-		-		 No		 +				
No					
No					 Yes				
+
No					
+
No		 +
+		
No						
No		+		+		
No				
-		
No						
No
+
+				
Yes						
No					 No					 No					
+
No		-		No
+					
Yes			
-		
No		 -				
No						
No
+
+
+			
No				 -		
No
+					
No		 +				
No						

TMS1

+

*Recieved blood transfusion

the AML cases. DNA methylation in p53 gene was seen
in 23% of CML cases, 17% of CLL cases, 9% of AML
cases, and 8% of ALL cases. Methylation in DAPK gene
was seen in 23% of CML cases, 36% of CLL cases, 17%
of AML cases but in none of the ALL cases. None of the
leukemia cases showed methylation in the TMS1 gene.
The highest frequency of methylation in ALL blood
was was observed in p15 gene (14%). In AML, high
frequency of both p15 (45%) and DAPK (17%) was
detected. In CLL, methylation was detected in DAPK
(36%), p14 (25%), p15 (19%), and p53 (17%) genes. In
CML, high frequency of both p53 (23%) and DAPK (23%)
was detected.
When leukemia types were grouped, methylation in
a combination of genes was more frequently found in
chronic and lymphoid leukemias compared to acute and
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Figure 1. Representative Gel Documentation for (a)
p15 (b) p16 and (c) DAPK. U: Unmethylated allele, M:
Methylated allele. N: Healthy volunteer. C: Totally methylated
DNA positive control

myeloid for the genes in this study. Methylation in at least
one gene was found in 51% of the chronic cases compared
to 34% of acute cases. Also, methylation in at least one
gene was found in 50% of myeloid cases compared to 40%
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Table 4. Binary Logistic Regression Showing Risks of
one Methylated Gene over the Methylation of Another
and Vice Versa
Risk of methylation1

OR2

p14 vs p15
p14 vs p16
p14 vs p53
p14 vs DAPK
p15 vs p16
p15 vs p53
p15 vs DAPK
p16 vs p53
p16 vs DAPK
p53 vs DAPK

1.8
0.3-11.3
2.7
0.3-29.0
N/A		
5.3
0.8-35.1
1.3
0.1-14.0
5.1
1.2-21.9
0.8
0.2-3.4
5.9
0.7-47.3
4.1
0.7-22.8
0.8
0.2-4.4

1

CI (95%)3

p value
0.5
0.4
0.09
0.8
0.03*
0.8
0.1
0.1
0.8

Figure 4. Selective Methylation of INK4 Family Genes
at 9P21 Chromosomal Region in Leukemia Patients.

Risk is equal for each gene vice versa, 2OR: Odds Ratio, 3CI: Confidence Interval

A schematic of exons of p14, p15 and p16 genes is shown at
the upper right. The number of cases with methylation is shown
below each arrow for the genes above. The leukemia cases
demonstrated methylation either in a single or two INK4 genes

times the odds of being methylated as well. And vice versa,
when p15 was methylated, p53 had 5.1 times the odds of
being methylated as well.

Discussion

Figure 2. Percentage of Methylation in the Major Four
Leukemia Types.
A).
B).

Figure 3. Percentage of methylation in Leukemia
groups (a) Chronic vs Acute (b) Lymphoid vs Myeloid.
of lymphoid cases. Methylation in healthy volunteers was
absent for all genes except for p16. Three cases out of 24
were hypermethylated for the p16 gene (Figure 1).
Statistical analysis
Analysis of methylation frequencies in each gene
between the types of leukemia was done using the
Fisher’s exact test. When methylation was compared
between chronic and acute leukemia, p14, p15, p16 and
p53 did not show significant differences (p=0.2, 0.2, 0.3,
0.2 respectively). However, methylation in DAPK was
significantly associated with chronic leukemias (p=0.02) as
shown in Figure 3a. On the other hand, when methylation
was compared between myeloid and lymphoid leukemia,
none of the genes displayed significant association (p=0.1,
0.4, 0.4, 0.5, 0.6 for p14, p15, p16, p53, and DAPK,
respectively) as shown in Figure 3b.
To analyze the odds of methylation in one gene in
the presence of another and vice versa, a binary logistic
regression approach was used. As shown in Table 4, only
p15 and p53 showed significant risk relationship (p=0.03).
In simpler terms, when p53 was methylated, p15 had 5.1

Leukemia is a heterogeneous group of blood
malignancies that is commonly diagnosed by detection
of chromosomal translocations. Recently, several research
groups reported high frequencies of DNA methylation of
tumor suppressor genes in different types of leukemia
(Morse et al., 1997; Wong et al., 2000; Chim et al., 2006a).
In the present study, methylation specific PCR (MSP)
was used to examine the methylation profile of a group
of cell cycle and apoptotic genes in leukemia. A cohort
of chronic and acute leukemia patients was used for the
study of these tumor suppressor genes in order to find the
connection between their inactivation and their biological
role in disease progression.
p14 (INK4d) is a member of the INK4 family with
no known CDK inhibiting activity. It is also known as
alternative reading frame (ARF). Along with p18, the p14
can be induced by interleukin-6 (IL-6) to induce G1 arrest
and terminal differentiation (Morse et al., 1997). p14 is
involved in p53 activation through the binding with mdm2.
In tumor cells, inactivation of p14 results in degradation
of the p53 protein (Esteller et al., 2000; Esteller, 2002).
None of the CML or ALL patients in this study showed
methylation in p14. According to previous reports, this
gene is rarely methylated in CML and ALL. Kusy et
al. (2003) reported p14 methylation only in one CML
patient out of 76, whereas Roman-gomez et al. (2004,
2006) reported low frequency of methylation in ALL.
On the other hand, three reports showed absence of p14
methylation in ALL (Matsushita et al., 2004; Chim et al.,
2008; Takeuchi et al., 2012). As for the AML patients, only
one out of 12 cases displayed methylation in this gene.
Chim et al. (2008) and Christiansen et al. (2003) reported
absence of p14 methylation in AML patients, which was
consistent with RNA expression studies (Schwaller et
al., 1997). On the other hand, five CLL patients out of 20
showed methylation in p14. However, little information is
available about methylation of this gene in CLL. Although
p14 might be rarely inactivated in acute leukemia, it is
possible to play role in CLL disease. In the present study,
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methylation in p14 gene was predominant in CLL and to a
less extent in AML. It is possible that methylation of p14
provides a selective advantage in lymphocytic cells (at
late differentiation stage) by depletion of the p53 protein
(Esteller, 2002).
p15 (INK4b) and p16 (INK4a) are members of
the INK4 family of cyclin dependent kinase (CDK)
inhibitors. p15, but not p16, is activated in response to
transforming growth factor (TGF-β1) (Robson et al.,
1999). However, p16 is regulated by a feedback loop with
Rb (Johnson and Walker, 1999). Silencing of p15 gene
can provide a selective advantage for tumor cells. Mainly
by deregulation of the cell cycle and the TGF-β pathway
(Matsuno et al., 2005). Hypermethylation of p15 gene was
reported in myelodysplastic syndrome (MDS), and may
play role in progression of MDS to AML (Aggerholm et
al., 2006; Hofmann et al., 2006; Cechova et al., 2012).
Silencing of p16 gene by hypermethylation was shown
to be mediated by a similar mechanism to p14 and TMS1
gene silencing (Esteller, 2002). p16 hypermethylation is
associated with more tumor virulence in colon cancer
(Esteller et al., 2001) and provides a growth advantage
because it allows the evasion of early G1 checkpoint.
Among the tumor suppressors that exert similar selective
advantages to p16 are DAPK and p53. DAPK, also
associated with more tumor virulence (Tang et al., 2000),
and p53, which controls late G1 and S"G2 checkpoints.
Our results demonstrated methylation in 14% of ALL
patients which was lower than the majority of previously
reported frequencies. Previous studies reported p15 gene
methylation in 18-60% of ALL patients (Wang et al.,
1980; Iravani et al., 1997; Chim et al., 2001; GarciaManero et al., 2002b; Chim et al., 2003; Garcia-Manero
et al., 2003; Roman-Gomez et al., 2004; Scott et al.,
2004; Canalli et al., 2005; Roman-Gomez et al., 2005;
Takeuchi et al., 2012). In contrast to these studies, Chen
and Wu (2002) reported methylation in 90% of ALL
patients, while Matsushita et al. (2004) reported absence
of p15 methylation. Methylation of p15 was associated
with relapsed ALL patients (Garcia-Manero et al., 2002a),
suggesting it might be a late event in the progression of
ALL. In AML patients, methylation of p15 gene was
demonstrated in 45% of patients which was within the
range of previous reports (32-93%) (Melki et al., 1999;
Guo et al., 2000; Wong et al., 2000; Wu et al., 2000; Chim
et al., 2001; Dodge et al., 2001; Nguyen et al., 2001; Chim
et al., 2003; Christiansen et al., 2003; Ekmekci et al., 2004;
Galm et al., 2005; Olesen et al, 2005; Shimamoto et al.,
2005; El-Shakankiry and Mossallam, 2006; Griffiths et
al., 2010; Kurtovic et al., 2012). Previously, low RNA
levels of p15 were reported in AML (Schwaller et al.,
1997) which was also correlated with methylation of
this gene (Matsuno et al., 2005). However, Markus et
al. (2007) reported silencing of p15 gene in AML even
in the absence of methylation, suggesting other cellular
mechanisms to be involved, but most importantly this
pointed to the significance of this gene in the pathology
of the AML disease. In this study a methylation frequency
of 11% was seen in CML patients. Accordingly, previous
studies reported methylation of p15 in CML with
frequencies of 5-24% (Nguyen et al., 2000; Kusy et al.,
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2003; Uehara et al., 2012). In CLL patients, methylation
of p15 was observed in 19% of subjects. Previous studies
reported 9-36% methylation in p15 (Nguyen et al., 2001;
Chim et al., 2006a; Seeliger et al., 2009). In the present
study, methylation in p15 gene was seen in all types of
leukemia, however it was most frequent in AML (45% of
cases). Recent insights on p15 in myeloid lineages predict
new roles for p15 other than cell cycle regulation, and
specifically in the development fate of hematopoietic cells
(Wolff and Bies, 2013). Thus, silencing of this gene might
be an early event in AML patients suggesting possible
genetic predisposition. In addition, methylation was
seen in two AML patients in remission. Remission was
previously shown to be associated with positive expression
of p15 and p16 genes in AML and ALL patients (KapelkoSlowik et al., 2002). However, a recent study by Agrowal
et al. (2007) reported the detection of methylation in over
20% of AML patients in remission, and suggested that this
can be used as predictor of relapse. Whereas, Shimamoto
et al. (2005) found association between p15 methylaion
and poor prognosis of AML patients.
Two out of 23 CML patients displayed methylation
in p16 gene. Two previous reports did not find any
methylation for this gene in CML (Herman et al., 1997;
Kusy et al., 2003). None of the AML patients displayed
methylation in p16 gene. Low frequency of methylation
was reported in AML patients in most studies with a
frequency of 3-36% (Wong et al., 2000; Chim et al., 2001;
Chim et al., 2003; Garcia-Manero et al., 2003; Matsushita
et al., 2004; Roman-Gomez et al., 2004; Roman-Gomez
et al., 2006; Ozkul et al., 2002). Methylation of p16 in
ALL may be associated with relapse (Garcia-Manero et
al., 2002a). In this study, only one ALL patient displayed
methylation in p16. Several studies reported methylation
in less than 7% of ALL patients (Chim et al., 2003;
Christiansen et al., 2003; Ekmekci et al., 2004; Galm et al.,
2005; Takeuchi et al., 2012). Others reported methylation
in 22-38% of patients (Melki et al., 1999; Guo et al., 2000;
Wong et al., 2000). A methylation frequency of 12% was
shown in CLL patients in this study. Few studies reported
methylation in 6-18% of CLL patients (Nosaka et al.,
2000; Chim et al., 2006a; Tsirigotis et al., 2006; Seeliger
et al., 2009).
It is important to notice that some of the genes in
this study are located on the same chromosome that is
susceptible to translocation in CML i.e. chromosome 9.
In spite of the limited number of cases presented with
methylation in these genes, it is possible to assume that
methylation at these loci is highly selective as shown
in Figure 4. Genetic abnormalities are frequent in p15
and p16 in CML (Guran et al., 1998) and ALL (Kuiper
et al., 2007). In ALL patients, methylation was found to
be complementary to heterozygous deletions at the 9p21
region (Novara et al., 2009) but not associated with deletion
regions or with prognosis (Kim et al., 2009). However,
Herman et al. (1997) reported absence of methylation in
these genes in 21 CML patients compared to frequent
methylation of p15 in AML and ALL patients. Toyota et
al. (2001) reported infrequent methylation of p15 and p16
in AML. Yang et al. (2006) reported methylation of p15
and p16 but not p14 in few ALL patients. In accordance,
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Zemlyakova et al. (2004) reported methylation in p16
but not p14 in ALL. Our results (Figure 4) and previous
literature support the hypothesis that methylation at the
9p21 chromosomal region is selective in some leukemia
types, namely; ALL and CML are less susceptible to p14
methylation in contrast to CLL, while AML is highly
susceptible to p15 methylation.
p53 is inactivated in nearly 50% of known tumors
(Levine, 1997). It is, by far, the most important tumor
suppressor due to both its high frequency of genetic
modifications and its duality of functions. p53 is
responsible for cell cycle arrest when DNA is damaged.
When the damage cannot be repaired, p53 then activates
a series of events leading to apoptosis. Several aberrations
of p53 have been previously reported in different types of
leukemia including mutations, deletions and decrease of
expression levels (Krug et al., 2002). Thus, p53 might be
a potential target for methylation in cancer.
The present study demonstrated hypermethylation of
p53 gene in all types of leukemia. Five CML cases were
methylated in p53 (23%), whereas for the CLL type, we
reported methylation in four cases (17%). Only one case
of ALL and another of AML was methylated in this study.
Surprisingly, little information is available regarding DNA
methylation of p53 gene in leukemia (Lehmann et al.,
2004). Early reports showed that CML cells harboring p53
mutations often are susceptible to DNA methylation and
genomic instability (Guinn and Mills, 1997). Valganon et
al. (2005) reported methylation in p53 in ten CLL patients
(18.5%). While Aggire et al. (2003) reported methylation
in eight ALL patients (32%) and also reported correlation
of methylation levels with p53 expression. Vilas–Zornoza
et al. (2011) reported methylation in several genes of the
p53pathway in ALL.
Furthermore, five leukemia cases presented
with methylation in p53 gene were also showing
hypermethylation in p15. Although this could be due
to high frequency of methylation in both genes among
the cases, both genes displayed significant odds ratios
to be a methylation risk factor of each other. Thereby, a
relationship between silencing mechanism of both genes
might exist, indicating an underlying common disrupted
“program” in tumor cells (Jones and Baylin, 2007).
Death associated protein kinase (DAPK) is a Ca+2/
Calmodulin regulated serine/threonine kinase, associated
with the cytoskeleton (Raveh et al., 2000), and participates
in a wide range of apoptotic pathways. It is activated by
INF-γ, Fas, and detachment from the extracellular matrix
(Cohen and Kimchi, 2001). DAPK activates p53-mediated
apoptosis via p14 (Raveh et al., 2001). Methylation of
DAPK gene was recently associated with the mutation
profile of CLL patients. Thus it was the first gene to be
genetically associated with CLL. It was demonstrated that
a mutation at the DAPK gene leads to the formation of a
new docking site for Hoxb7, which recruits methylation
transferases leading to the complete methylation of this
gene (Raval et al., 2007). In other words, a mutation in the
DAPK gene (designated c.1-6531) results in methylation
of the same DAPK allele leading to predisposition to CLL
disease (Wei et al., 2013). Methylation in DAPK gene is
associated with increased tumor virulence in lung cancer

(Tang et al., 2000). It was also associated with resistance
to apoptosis in leukemia cell lines subjected to INF-γ
(Cohen and Kimchi, 2001). Silencing of DAPK gene
provides a number of selective advantages for tumor
cells. In addition to escape from apoptosis, inactive
DAPK provides resistance to INF-γ and allows survival
of the cell after detachment from the extracellular matrix.
Inactivation of this gene seems to be important to several
types of leukemia cells.
In the AML patients, our results demonstrated
methylation in 17% of patients. Low frequency of
DAPK methylation in AML was previously reported
(Katzenellenbogen et al., 1999; Galm et al., 2005; Chim
et al., 2008; Griffiths et al., 2010). In contrast, Ekmekci et
al. (2004) reported methylation in 61% of AML patients.
DNA methylation of DAPK gene in CML was seen in 23%
of samples (n=22). Only one study on CML patients by
katzenllenbogen et al., (1999) reported methylation in 8%
of subjects (n=13). Methylation of DAPK was seen in 36%
of CLL patients in this study. Two previous reports showed
methylation in 9% (n=11) (katzenllenbogen et al., 1999)
and 36% (n=50) (Chim et al., 2006b). Furthermore, none
of the ALL patients showed methylation of DAPK gene,
which was in accordance with Matsushita et al. (2004)
and Yang et al. (2006). Studies by Roman-gomez et al.
(2004; 2005; 2006) demonstrated methylation frequency
of 7-19% in large sample sizes (>250 sample), which
might indicate that this gene is less frequently methylated.
Chim et al. (2008) also reported methylation in 16% of
25 ALL patients whereas Takeuchi et al. (2012) reported
methylation in 13% out of 95 ALL patients by analyzing
purified leukemic cells. It is possible that methylation of
DAPK gene can be only detected in a small sub-population
of early differentiated tumor lymphocytes, and might play
role in the virulence of this disease. In this study, DAPK
gene was inactivated in cases with different chromosomal
translocations namely t(9;22), t(8;21) and t(15;17)
corresponding to three fusion genes: BCR/ABL, AML/
ETO, and PML/RARα, respectively.
Target of methylation mediated silencing (TMS1),
also known as apoptosis-associated speck-like protein
(ASC) is a caspase recruitment domain protein that plays
role in both inflammatory and apoptotic pathways. It is
specifically expressed in leukocytes and can be induced
interinsically by p53 expression (Wright and Deshmukh,
2006) and extrinsically by LPS and TNF-α (Stehlik et
al., 2003). TMS1 was shown to bind and activate both
caspase-1 (Stehlik et al., 2003) and caspase-8 (Masumoto
et al., 2003; Parsons and Vertino, 2006). The lack of TMS1
expression was suggested to impart cells with increased
resistance to apoptotic stimuli through both intrinsic and
extrinsic pathways (Wright and Deshmukh, 2006). A
silencing mechanism similar to that of the p14 and p16
genes was reported for silencing of TMS1 (Esteller, 2002).
In this study, none of the leukemia patients showed
methylation of the TMS1 gene. Two previous studies on
methylation of TMS1 in ALL demonstrated relatively
low methylation frequency compared to other genes
(Roman-Gomez et al., 2004; Roman-Gomez et al., 2006).
Information regarding methylation of this gene in other
types of leukemia is scarce, however, methylation of TMS-
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1 might be rare in leukemia, and may require the study of
larger groups of patients.
In general, we believe that studies of this kind always
underestimate the frequency of DNA methylation in the
presented cases. Many of the previous studies on DNA
methylation in leukemia were carried out on tumorenriched bone marrow samples compared to peripheral
blood in this study (Garcia-Manero et al., 2002b; Chim et
al., 2003; Garcia-Manero et al., 2003; Chim et al., 2006a).
However, in this study, 40 cycles of MSP were sufficient
to detect methylation in 45% of leukemia cases in at least
one gene out of six compared to proposed multi-step MSP
with 30 cycles (Deligezer et al., 2006).
On the other hand, some chemotherapeutic drugs
(such as Decitabine) had been reported to influence DNA
methylation (Scott et al., 2006). However, none of the
patients assessed in this study was subjected to decitabine
or its derivatives (methylation-targeted therapy). Further,
information regarding the influence of conventional
chemotherapy on DNA methylation is scarce, yet, as
previously argued, this influence (if any) is temporal and
not permanent (Scholz et al., 2005). So to alleviate this
effect, samples were collected prior to the chemotherapy
sessions.
Methylation analysis has been suggested as a reliable
method for prognostic evaluation by the stratification of
patients into groups according to their clinical outcomes
(Esteller et al., 2001; Christiansen et al., 2003; RomanGomez et al., 2005; Shimamoto et al., 2005; Aggreholm
et al., 2006; Yang et al., 2009). Nevertheless, methylation
analysis of multiple genes in leukemia is yet to be explored
as a method for grouping patients (Milani et al., 2010).
In conclusion, this study adds to the very scarce
data reporting DNA methylation status in leukemia
types, mainly the chronic groups. Furthermore, after
comprehensive review of the previous reports, this work
was able to fill many literature gaps in the genes studied for
each leukemia type. In accordance with previous studies,
candidate genes for specific types of leukemia have been
highlighted such as DAPK in the case of CLL and p15
in the case of AML. In addition, multiple methylation of
two or more genes per patient is reported. An obvious
selectiveness of the 9p21 chromosomal region genes (p14,
p15, p16) was found. To our surprise, methylation in p53 is
not well studied in leukemia at all, yet we show here that
p53 methylation is relatively frequent and also synergistic
with p15 methylation. This can indicate a specific
disrupted epigenetic mechanism that regulates both genes
and provides a selective advantage for leukemia cells
to evade both the early and late G1 phase. This study
highlights the importance of concurrent methylation by
profiling multiple genes in leukemia.

DOI:http://dx.doi.org/10.7314/APJCP.2014.15.1.75
DNA Hypermethylation of Cell Cycle and Apoptotic Genes in Peripheral Blood of Leukemia Patients
El-Shakankiry N, Mossallam G (2006). p15 (INK4B) and
cell cycle inhibitors on blastic cells in patients with acute
E-cadherin CpG island methylation is frequent in Egyptian
myeloblastic leukemia (AML) and acute lymphoblastic
acute myeloid leukemia. J Egypt Natl Canc Inst, 18, 227-32.
leukemia (ALL) ]. Pol Arch Med Wewn, 108, 849-53.
Esteller M, Tortola S, Toyota M, et al (2000). HypermethylationKatzenellenbogen R, Baylin S, Herman J (1999).
associated inactivation of p14(ARF) is independent of
Hypermethylation of the DAP-kinase CpG island is a
p16(INK4a) methylation and p53 mutational status. Cancer
common alteration in B-cell malignancies. Blood, 93,
Res, 60, 129-33.
4347-53.
Esteller M, Gonzalez S, Risques R, et al (2001). K-ras and
Kim M, Yim S, Cho N,et al (2009) Homozygous deletion of
p16 aberrations confer poor prognosis in human colorectal
CDKN2A (p16, p14) and CDKN2B (p15) genes is a poor
cancer. J Clin Oncol, 19, 299-304.
prognostic factor in adult but not in childhood B-lineage
Esteller M (2002). CpG island hypermethylation and tumor
acute lymphoblastic leukemia: a comparative deletion and
suppressor genes: a booming present, a brighter future.
hypermethylation study. Cancer Genetics and Cytogenetics,
Oncogene, 21, 5427-40.
195, 59-65.
Galm O, Wilop S, Luders C, et al (2005). Clinical implications
Krug U, Ganser A, Koeffler H (2002). Tumor suppressor genes
of aberrant DNA methylation patterns in acute myelogenous
in normal and malignant hematopoiesis. Oncogene, 21,
leukemia. Ann Hematol, 84, 39-46.
3475-95.
Galm O, Herman J, Baylin S (2006). The fundamental role of
Kuiper R, Schoenmakers E, Van Reijmersdal S, et al (2007).
epigenetics in hematopoietic malignancies. Blood Rev, 20,
High-resolution genomic profiling of childhood ALL reveals
1-13.
novel recurrent genetic lesions affecting pathways involved
Garcia-Manero G, Bueso-Ramos C, Daniel J, et al (2002a). DNA
in lymphocyte differentiation and cell cycle progression.
methylation patterns at relapse in adult acute lymphocytic
Leukemia, 21, 1258-66.
leukemia. Clin Cancer Res, 8, 1897-903.
Kurtovic N, Krajnovic M, Bogdanovic A, et al (2012)
Garcia-Manero G, Daniel J, Smith T, et al (2002b). DNA
Concomitant aberrant methylation of p15 and MGMT genes
methylation of multiple promoter-associated CpG islands
in acute myeloid leukemia: association with a particular
in adult acute lymphocytic leukemia. Clin Cancer Res, 8,
immunophenotype of blast cells. Med Oncol, 29, 3547-56.
2217-24.
Kusy S, Cividin M, Sorel N, et al (2003). p14ARF, p15INK4b,
Garcia-Manero G, Jeha S, Daniel J, et al (2003). Aberrant DNA
and p16INK4a methylation status in chronic myelogenous
methylation in pediatric patients with acute lymphocytic
leukemia. Blood, 101, 374-5.
leukemia. Cancer, 97, 695-702.
Lehmann U, Brakensiek K, Kreipe H (2004). Role of epigenetic
Griffiths E, Gore S, Hooker C, et al (2010) Epigenetic differences
changes in hematological malignancies. Ann Hematol, 83,
in cytogenetically normal versus abnormal acute myeloid
137-52.
leukemia. Epigenetics, 5, 590-600.
Levine A (1997). p53, the cellular gatekeeper for growth and
Guinn B, Mills K (1997). p53 mutations, methylation and
division. Cell, 88, 323-31.
genomic instability in the progression of chronic myeloid
Markus J, Garin M, Bies J, et al (2007). Methylation-independent
leukemia. Leukemia Lymphoma, 26, 211-26.
silencing of the tumor suppressor INK4b (p15) by CBFbetaGuo S, Taki T, Ohnishi H, et al (2000). Hypermethylation of p16
SMMHC in acute myelogenous leukemia with inv(16).
and p15 genes and RB protein expression in acute leukemia.
Cancer Res, 67, 992-1000.
Leuk Res, 24, 39-46.
Masumoto J, Dowds T, Schaner P, et al (2003). ASC is an
Guran S, Bahce M, Beyan C, Korkmaz K, Yalcin A (1998). P53,
activating adaptor for NF-kappa B and caspase-8-dependent
p15INK4B, p16INK4A and p57KIP2 mutations during the
apoptosis. Biochem Biophys Res Commun, 303, 69-73.
progression of chronic myeloid leukemia. Haematologia
Matsuno N, Hoshino K, Nanri T, et al (2005). p15 mRNA
(Budap). 29, 181-93.
expression detected by real-time quantitative reverse
Herman J, Graff, J, Myohanen S, Nelkin B, Baylin S (1996).
transcriptase-polymerase chain reaction correlates with the
Methylation-specific PCR: a novel PCR assay for
methylation density of the gene in adult acute leukemia.
methylation status of CpG islands. Proc Natl Acad Sci USA.
Leuk Res, 29, 557-64.
93, 9821-6.
Matsushita C, Yang Y, Takeuchi S, et al (2004). Aberrant
Herman J, Civin C, Issa J, et al (1997). Distinct patterns of
methylation in promoter-associated CpG islands of multiple
inactivation of p15INK4B and p16INK4A characterize the
genes in relapsed childhood acute lymphoblastic leukemia.
major types of hematological malignancies. Cancer Res,
Oncol Rep, 12, 97-9.
57, 837-41.
Melki J, Vincent P, Clark S (1999). Concurrent DNA
Hofmann W, Takeuchi S, Takeuchi N, et al (2006). Comparative
hypermethylation of multiple genes in acute myeloid
analysis of hypermethylation of cell cycle control and DNAleukemia. Cancer Res, 59, 3730-40.
mismatch repair genes in low-density and CD34+ bone
Milani L, Lundmark A, Kiialainen A et al (2010). DNA
marrow cells from patients with myelodysplastic syndrome.
methylation for subtype classification and prediction
Leuk Res, 30, 1347-53.
of treatment outcome in patients with childhood acute
Iravani M, Dhat R, Price C (1997). Methylation of the multi
lymphoblastic leukemia. Blood, 115, 1214-25.
tumor suppressor gene-2 (MTS2, CDKN1, p15INK4B) in
Morse L, Chen D, Franklin D, Xiong Y, Chen-Kiang S
childhood acute lymphoblastic leukemia. Oncogene, 15,
(1997). Induction of cell cycle arrest and B cell terminal
2609-14.
differentiation by CDK inhibitor p18(INK4c) and IL-6.
Jemal A, Siegel R, Ward E, et al (2008). Cancer statistics 2008.
Immunity, 6, 47-56.
CA Cancer J Clin, 58, 71-96.
Nagasawa T, Zhang Q, Raghunath P, et al (2006). Multi-gene
Johnson D, Walker C (1999). Cyclins and cell cycle checkpoints.
epigenetic silencing of tumor suppressor genes in T-cell
Annu Rev Pharmacol Toxicol, 39, 295-312.
lymphoma cells; delayed expression of the p16 protein upon
Jones P, Baylin S (2007). The epigenomics of cancer. Cell.
reversal of the silencing. Leuk Res, 30, 303-12.
128, 683-92.
Nguyen T, Mohrbacher A, Tsai Y, et al (2000). Quantitative
Kapelko-Slowik K, Wolowiec D, Sedek K, et al (2002).
measure of c-abl and p15 methylation in chronic myelogenous
[Expression of p16INK4a, p15INK4b, p21WAF1/Clip1
leukemia: biological implications. Blood, 95, 2990-2.
Asian Pacific Journal of Cancer Prevention, Vol 15, 2014

83

Khaldon Bodoor et al
Nguyen C, Liang G, Nguyen T (2001). Susceptibility of
nonpromoter CpG islands to de novo methylation in normal
and neoplastic cells. J Natl Cancer Inst, 93, 1465-72.
Nosaka K, Maeda M, Tamiya S, et al (2000). Increasing
methylation of the CDKN2A gene is associated with the
progression of adult T-cell leukemia. Cancer Res, 60, 1043-8.
NovaraF, Beri S, Bernardo M, et al (2009) Different molecular
mechanisms causing 9p21 deletions in acute lymphoblastic
leukemia of childhood. Hum Genet, 126, 511-20.
Olesen L, Nyvold C, Aggerholm A, et al (2005). Delineation
and molecular characterization of acute myeloid leukemia
patients with coduplication of FLT3 and MLL. Eur J
Haematol, 75, 185-92.
Ozkul Y, Jurickova I, Findley H (2002). Variable Expression and
Hypermethylation of p16 Gene in Patients with T-ALL and
Cell Lines. Turk J Haematol, 19, 391-7.
Parsons M, Vertino P (2006). Dual role of TMS1/ASC in death
receptor signaling. Oncogene, 25, 6948-58.
Raval A, Tanner S, Byrd J, et al (2007). Downregulation of deathassociated protein kinase 1 (DAPK1) in chronic lymphocytic
leukemia. Cell, 129, 879-90.
Raveh T, Berissi H, Eisenstein M, Spivak T, Kimchi A (2000). A
functional genetic screen identifies regions at the C-terminal
tail and death-domain of death-associated protein kinase that
are critical for its proapoptotic activity. Proc Natl Acad Sci
USA. 97, 1572-7.
Raveh T, Droguett G, Horwitz M, Depinho R, Kimchi A (2001).
DAP kinase activates a p19ARF/p53-mediated apoptotic
checkpoint to suppress oncogenic transformation. Nat Cell
Biol, 3, 1-7.
Robson C, Gnanapragasam V, Byrne R, Collins A, Neal D
(1999). Transforming growth factor-beta1 up-regulates p15,
p21 and p27 and blocks cell cycling in G1 in human prostate
epithelium. J Endocrinol, 160, 257-66.
Roman-Gomez J, Jimenez-Velasco A, Castillejo J, et al (2004).
Promoter hypermethylation of cancer-related genes: a
strong independent prognostic factor in acute lymphoblastic
leukemia. Blood, 104, 2492-8.
Roman-Gomez J, Jimenez-Velasco A, Agirre X, et al (2005).
Lack of CpG island methylator phenotype defines a clinical
subtype of T-cell acute lymphoblastic leukemia associated
with good prognosis. J Clin Oncol, 23, 7043-9.
Roman-Gomez J, Jimenez-Velasco A, Agirre X, et al (2006).
Promoter hypermethylation and global hypomethylation are
independent epigenetic events in lymphoid leukemogenesis
with opposing effects on clinical outcome. Leukemia, 20,
1445-8.
Scholz C, Nimmrich I, Burger M, et al (2005). Distinction of
acute lymphoblastic leukemia from acute myeloid leukemia
through microarray-based DNA methylation analysis. Ann
Hematol, 84, 236-44.
Schwaller J, Pabst T, Koeffler H, et al (1997). Expression
and regulation of G1 cell-cycle inhibitors (p16INK4A,
p15INK4B, p18INK4C, p19INK4D) in human acute
myeloid leukemia and normal myeloid cells. Leukemia,
11, 54-63.
Scott S, Kimura T, Dong W, et al (2004). Methylation status
of cyclin-dependent kinase inhibitor genes within the
transforming growth factor beta pathway in human T-cell
lymphoblastic lymphoma/leukemia. Leuk Res, 28, 1293-301.
Scott S, Dong W, Ichinohasama R, et al (2006). 5-Aza-2’deoxycytidine (decitabine) can relieve p21WAF1 repression
in human acute myeloid leukemia by a mechanism involving
release of histone deacetylase 1 (HDAC1) without requiring
p21WAF1 promoter demethylation. Leuk Res, 30, 69-76.
Seeliger B, Wilop S, Osieka R, Galm O, Jost E (2009) CpG island
methylation patterns in chronic lymphocytic leukemia. Leuk

84

Asian Pacific Journal of Cancer Prevention, Vol 15, 2014

& Lymph, 50, 419-26.
Shimamoto T, Ohyashiki J, Ohyashiki K (2005). Methylation
of p15(INK4b) and E-cadherin genes is independently
correlated with poor prognosis in acute myeloid leukemia.
Leuk Res, 29, 653-9.
Stehlik C, Lee S, Dorfleutner A, et al (2003). Apoptosisassociated speck-like protein containing a caspase
recruitment domain is a regulator of procaspase-1 activation.
J Immunol, 171, 6154-63.
Takeuchi S, Matsushita M, Zimmermann M, et al (2011) Clinical
Significance of Aberrant DNA Methylation in Childhood
Acute Lymphoblastic Leukemia. Leuk Res, 35, 1345-9.
Tang X, Khuri F, Lee J, et al (2000). Hypermethylation of
the death-associated protein (DAP) kinase promoter and
aggressiveness in stage I non-small-cell lung cancer. J Natl
Cancer Inst, 92, 1511-6.
Toyota M, Kopecky K, Toyota M, et al (2001). Methylation
profiling in acute myeloid leukemia. Blood, 97, 2823-9.
Tsirigotis P, Pappa V, Labropoulos S, et al (2006). Mutational
and methylation analysis of the cyclin-dependent kinase
4 inhibitor (p16INK4A) gene in chronic lymphocytic
leukemia. Eur J Haematol, 76, 230-6.
Uehara E, Takeuchi S, Yang Y, et al (2012) Aberrant methylation
in promoter-associated CpG islands of multiple genes in
chonic myelogenous leukemia blast crisis. Oncol Lett, 3,
190-2.
Valganon M, Giraldo P, Aggire X, et al (2005). p53 abberations
do not predict individual response to fludarabine in patients
with B-cell chronic lymophcytic leukemia in advanced
stages Rai III/IV. Brit J Haematol, 129, 53-9.
Vilas–Zornoza A, Agirre X, Martin-Palanco V, et al (2011)
Frequent and Simultaneous Epigenetic Inactivation of
TP53Pathway Genes in Acute Lymphoblastic Leukemia.
PLoS ONE, 6, 17012.
Wang R, Gehrke C, Ehrlich M (1980). Comparison of bisulfite
modification of 5-methyldeoxycytidine and deoxycytidine
residues. Nucleic Acids Res, 8, 4777-90.
Wei Q, Claus R, Hielscher T, et al (2013). Germline AlleleSpecific Expression of DAPK1 in Chronic Lymphocytic
Leukemia. PLoS ONE, 8, 55261.
Wolff L, Bies J (2013) p15Ink4b Functions in determining
hematopoietic cell fates: Implications for its role as a
tumor suppressor. Blood Cells, Molecules and Diseases,
50, 227-31.
Wong I, Ng M, Huang D, Lee J (2000). Aberrant p15 promoter
methylation in adult and childhood acute leukemias of nearly
all morphologic subtypes: potential prognostic implications.
Blood, 95, 1942-9.
Wright K, Deshmukh M (2006). Restricting apoptosis for
postmitotic cell survival and its relevance to cancer. Cell
Cycle, 5, 1616-20.
Wu Q, Guo X, Fan H, et al (2000). [P15(INK4B) gene
methylation in malignant hematopoietic diseases]. Zhonghua
Xue Ye Xue Za Zhi, 21, 644-6.
Yang Y, Takeuchi S, Hofmann W, et al (2006). Aberrant
methylation in promoter-associated CpG islands of multiple
genes in acute lymphoblastic leukemia. Leuk Res, 30, 98102.
Yang H, Kadia T, Xiao L. et al (2009). Residual DNA
methylation at remission is prognostic in adult Philadelphia
chromosome–negative acute lymphocytic leukemia. Blood,
113, 1892-8.
Zemliakova V, Strel’nikov V, Zborovskaia I, et al (2004).
Abnormal methylation of p16/CDKN2A AND p14/ARF
genes GpG Islands in non-small cell lung cancer and in acute
lymphoblastic leukemia. Mol Biol, 38, 966-72.

