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Background : This study was designed to examine the prevalence of aberrant promoter me-
thylation in a selected panel of genes potentially involved in lymphoid tumors. Methods : The
promoter hypermethylation status of MGMT, DAPK1, hMLH1, CDH1, SHP1, and HIC1 was
measured by methylation-specific PCR for 82 cases of B-cell lymphoma. Immunohistochemi-
cal staining using MGMT and SHP1 antibodies was conducted on 43 out of 82 cases.
Results : The number of MGMT aberrant methylations was lower in diffuse large B-cell lym-
phoma (DLBCL) than in other malignant lymphomas. The methylation of DAPK1 was fre-
quently detected in follicular lymphoma (FL), marginal zone B-cell lymphoma (MZL) and
DLBCL. With one exception, methylation of hMLH1 was not observed in B-cell lymphomas.
The methylation frequency of CDH1, and HIC1 was similar in B-cell lymphomas. However,
the methylation of SHP1 gene was more frequently observed in cases of FL, DLBCL, and
MZL than in chronic lymphocytic lymphoma. MGMT and SHP1 promoter methylation were
inversely correlated with the protein expression observed upon immunohistochemical staining.
Conclusions : Aberrant promoter methylation of multiple genes occurs with variable frequen-
cy throughout the B-cell lymphomas, and methylation of hMLH1 is rarely observed in B-cell
lymphomas.
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DNA methylation of the promoter region of genes has been
identified as a mechanism of inactivation of some tumor suppres-
sor genes.1 In many cases, aberrant methylation of CpG islands
has been correlated with the loss of gene expression, while DNA
methylation provides an alternative pathway to gene deletion
or mutation, and thus the loss of gene function.2 Aberrant pro-
moter methylation has been described for several genes in vari-
ous malignant diseases, and each tumor type may have its own
unique pattern of methylation.3,4 However, the role of aberrant pro-
moter methylation in B-cell lymphomas has not been extensive-
ly investigated to date, and studies that have been conducted
have primarily been limited to the cyclin dependent kinase in-
hibitors p15 and p16.5 Although other genes have been found

to be targeted by aberrant methylation in lymphoid neoplasia,
the analyses have been restricted to specific types of lymphoid
malignancies.6-9 These observations led to our comprehensive
study aimed at examining the prevalence of aberrant promoter
methylation in a selected panel of genes potentially involved in
lymphoid tumors. Promoter methylation studies in B-cell lym-
phomas have been performed on the following genes: DNA re-
pair (O6-methylguanine-DNA methyltransferase, MGMT and
hMLH1); apoptosis regulation (death-associated protein kinase,
DAPK1); cell adherence (E-cadherin, CDH1); negative regula-
tion of intracellular signaling (non-receptor type protein tyro-
sine phosphatase, PTPN1, SHP1); and tumor suppressor gene
(hypermethylated in cancer 1, HIC1). The present study was to
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conducted to compare the methylation profiles of multiple genes
found in major types of B-cell lymphomas in Korea.

MATERIALS AND METHODS

Sample collection

This study was conducted on samples from 82 cases of B-cell
lymphomas collected from 1999 to 2004. In addition, blood
samples collected from 45 healthy persons were included in this
study. All lymphomas were categorized based on the WHO clas-
sification. Tumor samples were derived from lymph nodes (n=59),
bone marrow (n=1) or other involved organs (tonsil [n=2], the
stomach [n=13], orbit [n=2], lungs [n=1], pancreas [n=1], testis
[n=1], brain [n=1], and salivary glands [n=1]) and were obtained
during routine diagnostic procedures. Diagnoses were based on
morphology and immunohistochemical staining. Based on the
WHO classification, the B-cell malignant lymphomas evaluat-
ed in this study included: chronic lymphocytic leukemia/small
lymphocytic lymphoma (CLL/SLL, n=6); marginal zone B-cell
lymphoma of mucosa-associated lymphoid tissue (MZL, n=20);
mantle cell lymphoma (ML, n=3); follicular lymphoma (FL, n=5);
and diffuse large B cell lymphoma (DLBCL, n=48). 

DNA preparation and bisulfite treatment

Genomic DNA was extracted after cell lysis and followed by
digestion with Tris HCl buffer containing EDTA, proteinase K
and Tween 20. The DNA was denaturated with NaOH and mo-
dified with sodium bisulfite. DNA samples were then purified
using Wizard DNA purification resin (Promega Corp., Madi-
son, WI, USA), treated again with NaOH, precipitated with

ethanol, and then resuspended in water. 

Methylation-specific polymerase chain reaction

The methylation status of the promoter region of the genes
studied was determined by methylation-specific polymerase reac-
tion (MSP) using bisulfite modified DNA. The forward and re-
verse primer sequences for the methylated and unmethylated
alleles are shown in Table 1. The modified DNA was used as a
template. The PCR mixture contained 10x Taq-polymerase (Sol-
gent, Daejeon, Korea) buffer, 10 μM of each primer, 10 mM
dNTP, 2.5 U of Taq polymerase (Solgent), and bisulfite modified
DNA, in a final volume of 25 μL. MSP was performed on 2 μL
of bisulfite-treated DNA under the following cycling parame-
ters: a denaturating step of 95℃ for 15 min; followed by 30 to
33 cycles of denaturation at 95℃ for 20 s each, annealing at a
specific temperature for 40 s, extension at 72℃ for 1 min; and,
final extension at 72℃ for 3 min. The specific annealing tem-
peratures for each gene are described in Table 1. All MSP were
performed with positive and negative controls for both unmethy-
lated and methylated alleles. In addition, experiments without
DNA (blank DNA) were conducted for each set of PCR. Ten
microliters of each PCR product were then directly loaded onto
2.5% agarose gels, stained with ethidium bromide, and exam-
ined by UV illumination. When both methylated and unmethy-
lated signals were observed simultaneously, the samples were
considered to be methylated because the unmethylated signals
were believed to indicate the presence of contaminating non-neo-
plastic cells.

Immunohistochemical staining for MGMT and SHP1

The correlation between methylation status and protein

M, methylation; U, unmethylation; AT, annealing temperature.

Gene Primers M-MSP primers 5′-3′ U-MSP primers 5′-3′ AT (℃)/cycle Citation

MGMT Forward TTTCGACGTTCGTAGGTTTTCGC TTTGTGTTTTGATGTTTGTAGGTTTTTGT 54/33 Lenz et al.27

Reverse GCACTCTTCCGAAAACGAAACG AACTCCACACTCTTCCAAAAACAAAACA 54/33
DAPK1 Forward GGATAGTCGGATCGAGTTAACGTC GGAGGATAGTTGGATTGAGTTAATGTT 60/33 Park et al.28

Reverse CCCTCCCAAACGCCGA CAAATCCCTCCCAAACACCAA 60/33
hMLH1 Forward GATAGCGATTTTTAACGC AGAGTGGATAGTGATTTTTAATGT 60/30 Park et al.28

Reverse TCTATAAATTACTAAATCTCTTCG ACTCTATAAATTACTAAATCTCTTCA 60/30
CDH1 Forward TTAGGTTAGAGGGTTATCGCGT TAATTTTAGGTTAGAGGGTTATTGT 57/33 Park et al.28

Reverse TAACTAAAAATTCACCTACCGAC CACAACCAATCAACAACACA 53/33
SHP1 Forward GAACGTTATTATAGTATAGCGTTC GTGAATGTTATTATAGTATAGTGTTTGT 60/33 Oka et al.29

Reverse TCACGCATACGAACCCAAACG TTCACACATACAAACCCAAACAAT 59/33
HIC1 Forward TCGGTTTTCGCGTTTTGTTCGT TTGGGTTTGGTTTTTGTGTTTTG 57/33 Ekmekci et al.30

Reverse AACCGAAAACTATCAACCCTCG CACCCTAACACCACCCTAAC 57/33

Table 1. Methylation-specific PCR primers and their condition
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expression of MGMT and SHP1 was assessed using a panel of
43 cases. Tissue sections with a thickness of 3 μm were de-paraf-
finized with xylene, hydrated using serially diluted alcohol, and
then immersed in 3% H2O2 to quench endogenous peroxidase
activity. Antigen retrieval was performed using a citrate buffer
(Antigen Retrieval Citra; Biogenex, San Ramon, CA, USA) with
a pressure cooker at 125℃ for 5 min. The sections were then in-
cubated with anti-MGMT antibody (mouse monoclonal; 1:50
dilution; Chemicon International, CA, USA) and anti-SHP1
antibody (rabbit polyclonal; 1:100 dilution; Genetex, CA,

USA) using the LSAB+ (Dakocytomation, Glostrup, Denmark)
detection system. The tissue sections were then incubated with
horseradish peroxidase (HRP)-conjugated streptavidin, after
which the chromogen was developed in liquid 3,3′-diaminoben-
zidine and counter-stained with hematoxylin. The immunohis-
tochemical stain was considered positive if greater than 10% of
the tumor cells showed distinct positive staining-nuclear stain-
ing for MGMT and cytoplasmic staining for SHP1. 

, methylation; , unmethylation; CLL/SLL, chronic lymphocytic leukemia/small lymphocytic lymphoma; MZL, marginal zone B-cell lymphoma of mu-
cosa associated lymphoid tissue; ML, mantle cell lymphoma; FL, follicular lymphoma; DLBCL, diffuse large B-cell lymphoma.

Case Dx MGMT DAPK1 hMLH1 CDH1 SHP1 HIC1 N Case Dx MGMT DAPK1 hMLH1 CDH1 SHP1 HIC1 N

1 FL 3 42 DLBL 3
2 FL 2 43 DLBL 3
3 FL 4 44 DLBL 5
4 FL 5 45 DLBL 2
5 FL 4 46 DLBL 5
6 CLL/SLL 2 47 DLBL 2
7 CLL/SLL 1 48 DLBL 4
8 CLL/SLL 5 49 DLBL 1
9 CLL/SLL 2 50 DLBL 1

10 CLL/SLL 1 51 DLBL 3
11 CLL/SLL 3 52 DLBL 2
12 ML 2 53 DLBL 4
13 ML 3 54 DLBL 2
14 ML 1 55 DLBL 2
15 MZL 3 56 DLBL 3
16 MZL 2 57 DLBL 2
17 MZL 3 58 DLBL 3
18 MZL 5 59 DLBL 2
19 MZL 3 60 DLBL 4
20 MZL 4 61 DLBL 3
21 MZL 3 62 DLBL 3
22 MZL 3 63 DLBL 4
23 MZL 2 64 DLBL 1
24 MZL 5 65 DLBL 2
25 MZL 4 66 DLBL 3
26 MZL 3 67 DLBL 3
27 MZL 3 68 DLBL 2
28 MZL 5 69 DLBL 3
29 MZL 3 70 DLBL 4
30 MZL 2 71 DLBL 3
31 MZL 2 72 DLBL 4
32 MZL 4 73 DLBL 2
33 MZL 3 74 DLBL 4
34 MZL 3 75 DLBL 4
35 DLBL 2 76 DLBL 3
36 DLBL 5 77 DLBL 3
37 DLBL 4 78 DLBL 3
38 DLBL 2 79 DLBL 3
39 DLBL 3 80 DLBL 3
40 DLBL 2 81 DLBL 2
41 DLBL 4 82 DLBL 2

Table 2. Methylation status of six genes in B-cell malignant lymphoma
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Statistical analysis

The correlation between the methylation status and immuno-
histochemical staining for MGMT and SHP1 was determined
by Fisher’s exact test. Differences were considered statistically
significant when p≤0.05. All data were analyzed using the Sta-
tistical Package Service Solution software (SPSS for Windows,
standard version 12.0).

RESULTS

Aberrant promoter methylation profile in B-cell lymphomas

The methylation status of six genes in 82 cases of B-cell malig-
nant lymphoma is shown in Table 2, and the data are summa-
rized in Table 3. Representative examples are presented in Fig
1. The number of occurrences of MGMT aberrant methylation
was lower in DLBCL than in FL, CLL/SLL, ML and MZL. The
frequencies of aberrant methylation of DAPK1 were different
according to the subtypes of B-cell lymphomas. In particular,
FL, MZL and DLBCL showed the highest prevalence of DAPK1
aberrant methylation, with aberrant methylation detected in 4/5
(80.0%) of the FL cases and 14/20 (70.0%) of the MZL cases.
DAPK1 methylation was also common in DLBCL (29/48, 60.4%).
Methylation of hMLH1 did not occur in B-cell lymphomas ex-
cept for one case. Aberrant methylation of CDH1 and HIC1 was
variably distributed throughout the 82 cases of B-cell malignant
lymphomas. Methylation at the SHP1 gene promoter CpG island
was observed in 5/5 (100.0%) of the FL cases, 43/48 (89.6%) of
the DLBCL cases, and 16/20 (80.0%) of the MZL cases. How-
ever, the frequency of SHP1 methylation was very low in the
CLL/SLL cases. Methylation in blood samples from 45 healthy

persons was extremely rare (MGMT 3/45 [6.7%], DAPK1 0/45
[0.0%], hMLH1 0/45 [0.0%], CDH1 0/45 [0.0%], HIC1 0/45
[0.0%], and SHP1 0/45 [0.0%]).

We performed a comparative analysis of the methylation pat-
terns of B-cell lymphomas. Overall, simultaneous promoter hy-
permethylation in four or more genes occurred in one (16.7%)
of six CLL/SLL cases, six (30.0%) of 20 MZL cases, none (0%)
of three ML, three (60.0%) of five FL cases, and 13 (27.1%) of
48 DLBCL cases. 

Immunohistochemical staining of MGMT and SHP1

To verify the biological effects of MGMT and SHP1 promoter
methylation, we performed immunohistochemical staining of
MGMT and SHP1 in 43 cases. The results show that both MG-
MT and SHP1 promoter methylation were inversely correlated
with protein expression (Table 4). Additionally, immunohisto-
chemical staining revealed that the majority of lymphoma sam-
ples carrying MGMT aberrant methylation failed to express the
MGMT protein in tumor cells (8/9, 88.9%), while the majority of
lymphoma samples carrying unmethylated MGMT alleles expre-

CLL/SLL, chronic lymphocytic leukemia/small lymphocytic lymphoma; MZL, marginal zone B-cell lymphoma of mucosa associated lymphoid tissue;
ML, mantle cell lymphoma; FL, follicular lymphoma; DLBCL, diffuse large B-cell lymphoma.

MGMT DAPK1 hMLH1 CDH1 SHP1 HIC1 ≥4/6

CLL/SLL 4 2 0 3 1 3 1
(n=6) (66.7%) (33.3%) (0.0%) (50.0%) (16.7%) (50.0%) (16.7%)

MZL 8 14 1 13 16 12 6
(n=20) (40.0%) (70.0%) (5.0%) (65.0%) (80.0%) (60.0%) (30.0%)

ML 1 1 0 1 2 1 0
(n=3) (33.3%) (33.3%) (0.0%) (33.3%) (66.7%) (33.3%) (0.0%)

FL 3 4 0 3 5 3 3
(n=5) (60.0%) (80.0%) (0.0%) (60.0%) (100.0%) (60.0%) (60.0%)

DLBCL 9 29 0 29 43 27 13
(n=48) (18.8%) (60.4%) (0.0%) (60.4%) (89.6%) (56.3%) (27.1%)

Table 3. Numbers of promoter hypermethylations in MGMT, DAPK1, hMLH1, CDH1, SHP1, and HIC1 in B-cell malignant lymphomas

Immunohistochemical
stain Total p-valueMethylation-specific PCR

Positive Negative

MGMT Methylation 1 8 9 <0.001
Unmethylation 33 1 34
Total 34 9 43

SHP1 Methylation 2 29 31 <0.001
Unmethylation 11 1 12
Total 13 30 43

Table 4. The correlation between aberrant hypermethylation and
protein expression of MGMT or SHP1 in representative 43 cases
of B-cell malignant lymphomas
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ssed the MGMT protein (33/34, 97.1%) (Fig 2). SHP-1 protein
was expressed in the majority of lymphoma tissues that were un-
methylated at the SHP-1 promoter site (11/12, 91.7%), while
SHP-1 expression was absent in a majority of the lymphomas
harboring SHP-1 promoter methylation (29/31, 93.5%) (Fig 3).

DISCUSSION

It should be noted that this study was limited in that the me-
thylation status was only evaluated in six genes in the most com-
mon forms of B-cell lymphomas. Despite this limitation, we can
suggest that: 1) aberrant promoter methylation occurred with

A
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control 71 74 75 76 MW

M     U M    U M     U
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M     U M     U M     U M     U
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M      U
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Fig. 1. Methylation-specific polymerase chain reaction (PCR) of the genes MGMT (A), DAPK1 (B), hMLH1 (C), CDH1 (D), SHP1 (E) and HIC1
(F) in representative cases of B-cell malignant lymphoma. The presence of a visible PCR product in lane M indicates the presence of methy-
lated alleles (MGMT: 81 bp; DAPK1: 98 bp; hMLH1: 108 bp; CDH1: 116 bp; SHP1: 158 bp; HIC1: 95 bp); the presence of a product in lane U
indicates the presence of unmethylated alleles (MGMT: 93 bp; DAPK1: 106 bp; hMLH1: 124 bp; CDH1: 97 bp; SHP1: 158 bp; HIC1: 118 bp).
MW: molecular weight markers.
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Fig. 2. MGMT protein expression in immunohistochemical stain. (A) Expression of MGMT protein is demonstrated in a representative case
of diffuse large B-cell lymphoma (case number 71) that displays an unmethylation at MGMT promoter (inset). (B) Loss of MGMT expres-
sion is demonstrated in a representative case of marginal zone B-cell lymphoma of mucosa associated lymphoid tissue (case number 17)
that displays MGMT promoter hypermethylation. M, methylation; U, unmethylation.

A B

Fig. 3. SHP-1 protein expression in immunohistochemical stain (A) Expression of the SHP-1 protein is demonstrated in a representative case
of chronic lymphocytic leukemia/small cell lymphocytic lymphoma (case number 7) that displays an unmethylation at SHP-1 promoter. (B)
Loss of SHP-1 expression is demonstrated in a representative case of diffuse large B-cell lymphoma (case number 39) that displays SHP-
1 promoter hypermethylation (inset). The occurrence of an unmethylated signal in PCR of the SHP-1 gene of this case may be ascribed to
the presence of contaminating non-neoplastic cells. M, methylation; U, unmethylation.

A B

variable frequency throughout the 82 cases of B-cell malignant
lymphoma evaluated here; 2) methylation of hMLH1 is rarely
found in B-cell lymphomas; and, 3) aberrant promoter methy-
lation at the CpG island for MGMT and SHP1 is closely relat-
ed to the reduced gene expression. 

MGMT is a DNA repair gene that protects cells from the tox-
icity of alkylating agents, which frequently target the O6 posi-
tion of guanine. The MGMT protein rapidly reverses the for-
mation of adducts at the O6 position of guanine via transfer of
the alkyl adduct to a cysteine residue within the protein, there-
by averting the formation of lethal cross-links and other muta-
genic effects. MGMT inactivation increases cell sensitivity to
the genotoxic effect of alkylating agents both in vitro and in vivo.

Therefore, it represents a favorable prognostic marker for treat-
ing DLBCL with regimens containing alkylating agents.7 How-
ever, the prognostic impact of MGMT has not been investigat-
ed in other B-cell lymphomas to date. Our results demonstrate
that MGMT inactivation through promoter methylation has a
lower frequency in DLBCL than in other B-cell malignant lym-
phomas. Therefore, studies conducted to evaluate the prognos-
tic impact of the presence of the MGMT gene in other malig-
nant lymphomas should be conducted. Although methylation
of MGMT gene is found in healthy individuals, the methylation
status of this gene does not predict the presence or progression
of disease. However, some authors have postulated that methy-
lation, which plays a crucial role in carcinogenesis, can occur as

M U M U
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control

M U M U
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control

M U M U
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control

M U M U
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early epigenetic changes in individuals that are at risk for trans-
formation.

DAPK1 is a 160-kD serine/threonine, microfilament-bound
kinase. That has recently been shown to be involved in inter-
feron-induced apoptosis.11 This gene may be biologically impor-
tant in normal cell differentiation and selection in the immune
system. Recent studies have shown show that expression of DA-
PK1 is decreased or absent in several malignant cell lines.12Addi-
tionally, decreased expression of this gene imparts resistance to

interferon-induced apoptosis in cells, and a link between the
loss of DAPK1 expression and cellular apoptosis has been shown
to facilitate metastasis, at least in one experimental system.13 To
date, DAPK1 aberrant methylation is the most common epige-
netic alteration identified in FL and MZL, which further con-
firms that deregulation of apoptosis plays a role in the molecu-
lar pathogenesis of these types of lymphoma.14

Inactivation of the hMLH1 gene, which encodes mismatch
repair enzymes, is associated with the hereditary nonpolyposis
colorectal cancer syndrome, which characterized by colorectal,
endometrial, and gastric tumors with microsatellite instability.
It has been reported that aberrant methylation of the hMLH1
gene occurs in 61% of NK/T cell lymphoma cases,15 12% of pri-
mary CNS lymphoma cases16 and 17.6% of mycosis fungoides.17

It is believed that the frequency of hMLH1 methylation varies
according to disease types or organs. In this study, we found that
aberrant methylation of hMLH1 was extremely rare in B-cell
lymphomas.

E-cadherin (CDH1) is a transmembrane glycoprotein that me-
diates Ca2+ dependent intercellular adhesion. According to hyper-
methylation profiles of various human cancers, the epigenetic sta-
tus of CDH1 and DAPK may provide information regarding the
metastatic potential.4,18 Because aberrant methylation of these
genes can occur before the cancer cells spread, this knowledge
could be used as treatment to prevent dissemination in aggressive
tumors. For lymphoid tumors, it has been reported that the me-
thylation of CDH13 is detected in 68% of the cases of DLBCL.19

SHP1 is a the non-transmembrane phosphotyrosine phospha-
tases, that is predominantly expressed in cells of hematopoietic
lineage. SHP1 is an important negative regulator involved in
signaling via receptors for cytokine/growth factors. Recently,
several investigators have shown that SHP1 expression is tightly
regulated in normal B-cells during various stages of their matu-
ration.20,21 Under physiological conditions, germinal center B
lymphocytes show down-regulated expression of the SHP-1 ge-
nes,20 this suppression of SHP-1 gene expression is characteris-
tic of centroblasts/centrocytes.22 Therefore, the number of aber-

rant promoter methylations are high in FL and DLBCL, in which
tumor cells originate from the germinal center. Our results indi-
cated that methylation was detected in 100% (5/5) of the FL and
89.6% (43/48) of the DLBCL cases evaluated here. One study
suggested that methylation of the SHP-1 gene is an important
mechanism for establishing reduced SHP-1 gene expression,23

which is supported by the results of the immunohistochemical
staining conducted in this study. 

HIC1 is a candidate tumor suppressor gene on 17p13.3 that
is hypermethylated and silenced in a large number of solid tu-
mors.24 Issa et al.25 showed that HIC1 was rarely methylated in
10% of newly diagnosed acute myelogenous leukemias and was
hypermethylated in 100% of cases of recurrent ALL and of the
blast crisis of chronic myelogenous leukemia. Therefore, they
proposed that HIC1 methylation is a progression event in hema-
topoietic neoplasms.25 Methylation studies of the HIC1 gene in
malignant lymphoma have not been widely conducted. In the
current study, the frequency of promoter methylation of HIC1
was similar in all 82 cases of B-cell lymphomas evaluated. 

The immunohistochemical data generated in this study was
shown, and epigenetic events such as DNA methylation are a ma-
jor mechanism involved in the regulation of protein expression.
However, several articles suggested that the DNA methylation
status is not associated with the mode of protein expression. In
addition to the role of DNA methylation, other regulation mech-
anisms may be involved in the regulation of protein expression.26

An understanding of the relationship between methylation
of the studied genes and the clinical outcome of the tumors is
necessary to determine the clinical significance of the epigenet-
ic alterations. Unfortunately, clinical information regarding the
patients analyzed in this study is rather sparse, so we could not
address these points. However, the simultaneous inactivation of
multiple genes in lymphoma tissues may be of potential signif-
icance for therapeutic demethylating strategies. Because at least
a fraction of the FL (60.0%), MZL (30.0%), and DLBCL (27.1%)
cases displayed simultaneous aberrant methylation of more than
four genes, this study should inspire further investigations des-
igned to analyze the methylation status of large numbers of
genes in the tissues of patients with B-cell malignant lymphoma. 

REFERENCES

1. Jones PA, Baylin SB. The fundamental role of epigenetic events in

cancer. Nat Rev Genet 2002; 3: 415-28.

2. Baylin SB, Esteller M, Rountree MR, Bachman KE, Schuebel K, Her-



DNA Methylation in B Cell Lymphomas  427

man JG. Aberrant patterns of DNA methylation, chromatin forma-

tion and gene expression in cancer. Hum Mol Genet 2001; 10: 687-92.

3. Costello JF, Fruhwald MC, Smiraglia DJ, et al. Aberrant CpG-island

methylation has non-random and tumour-type-specific patterns. Nat

Genet 2000; 24: 132-8.

4. Esteller M, Corn PG, Baylin SB, Herman JG. A gene hypermethyla-

tion profile of human cancer. Cancer Res 2001; 61: 3225-9.

5. Baur AS, Shaw P, Burri N, Delacretaz F, Bosman FT, Chaubert P.

Frequent methylation silencing of p15 (INK4b) (MTS2) and p16 (INK-

4a) (MTS1) in B-cell and T-cell lymphomas. Blood 1999; 94: 1773-81.

6. Chim CS, Wong KY, Loong F, Srivastava G. SOCS1 and SHP1 hyper-

methylation in mantle cell lymphoma and follicular lymphoma: im-

plications for epigenetic activation of the Jak/STAT pathway. Leuke-

mia 2004; 18: 356-8.

7. Esteller M, Gaidano G, Goodman SN, et al. Hypermethylation of

the DNA repair gene O(6)-methylguanine DNA methyltransferase

and survival of patients with diffuse large B-cell lymphoma. J Natl

Cancer Inst 2002; 94: 26-32.

8. Rossi D, Gaidano G, Gloghini A, et al. Frequent aberrant promoter

hypermethylation of O6-methylguanine-DNA methyltransferase

and death-associated protein kinase genes in immunodeficiency-

related lymphomas. Br J Haematol 2003; 123: 475-8.

9. Katzenellenbogen RA, Baylin SB, Herman JG. Hypermethylation of

the DAP-kinase CpG island is a common alteration in B-cell malig-

nancies. Blood 1999; 93: 4347-53.

10. Menigatti M, Truninger K, Gebbers JO, Marbet U, Marra G, Schar

P. Nomal colorectal mucosa exhibits sex- and segment-specific sus-

ceptibility to DNA methylation at the hMLH1 and MGMT promot-

ers. Oncogene 2009; 28: 899-909.

11. Cohen O, Feinstein E, Kimchi A. DAP-kinase is a Ca2+/calmodulin-

dependent, cytoskeletal-associated protein kinase, with cell death-

inducing functions that depend on its catalytic activity. EMBO J

1997; 16: 998-1008.

12. Kissil JL, Feinstein E, Cohen O, et al. DAP-kinase loss of expression

in various carcinoma and B-cell lymphoma cell lines: possible impli-

cations for role as tumor suppressor gene. Oncogene 1997; 15: 403-7.

13. Inbal B, Cohen O, Polak-Charcon S, et al. DAP- kinase links the con-

trol of apoptosis to metastasis. Nature 1997; 390: 180-4.

14. Sanchez-Beato M, Sanchez-Aguilera A, Piris MA. Cell cycle dereg-

ulation in B-cell lymphomas. Blood 2003; 101: 1220-35.

15. Siu LL, Chan JK, Wong KF, Choy C, Kwong YL. Aberrant promot-

er CpG methylation as a molecular marker for disease monitoring

in natural killer cell lymphomas. Br J Haematol 2003; 122: 70-7.

16. Chu LC, Eberhart CG, Grossman SA, Herman JG. Epigenetic silenc-

ing of multiple genes in primary CNS lymphoma. Int J Cancer 2006;

119: 2487-91.

17. Scarisbrick JJ, Mitchell TJ, Calonje E, Orchard G, Russell-Jones R,

Whittaker SJ. Microsatellite instability is associated with hyperme-

thylation of the hMLH1 gene and reduced gene expression in myco-

sis fungoides. J Invest Dermatol 2003; 121: 894-901.

18. Tang X, Khuri FR, Lee JJ, et al. Hypermethylation of the death-asso-

ciated protein (DAP) kinase promoter and aggressiveness in stage I

non-small-cell lung cancer. J Natl Cancer Inst 2000; 92: 1511-6.

19. Ogama Y, Ouchida M, Yoshino T, et al. Prevalent hypermethylation

of the CDH13 gene promoter in malignant B cell lymphomas. Int J

Oncol 2004; 25: 685-91. 

20. Delibrias CC, Floettmann JE, Rowe M, Fearon DT. Down regulated

expression of SHP-1 in Burkitt lymphomas and germinal center B

lymphocytes. J Exp Med 1997; 186: 1575-83.

21. Kossev PM, Raghunath PN, Bagg A, Schuster S, Tomaszewski JE,

Wasik MA. SHP-1 expression by malignant small B-cell lymphomas

reflects the maturation stage of their normal B-cell counterparts. Am

J Surg Pathol 2001; 25: 949-55.

22. Oka T, Yoshino T, Hayashi K, et al. Reduction of hematopoietic cell-

specific tyrosine phosphatase SHP-1 gene expression in natural killer

cell lymphoma and various types of lymphomas/leukemias: com-

bination analysis with cDNA expression array and tissue microar-

ray. Am J Pathol 2001; 159: 1495-505.

23. Koyama M, Oka T, Ouchida M, et al. Activated proliferation of B-

cell lymphomas/leukemias with the SHP1 gene silencing by aber-

rant CpG methylation. Lab Invest 2003; 83: 1849-58.

24. Wales MM, Biel MA, el Deiry W, et al. p53 activates expression of

HIC-1, a new candidate tumour suppressor gene on 17p13.3. Nat

Med 1995; 1: 570-7.

25. Issa JP, Zehnbauer BA, Kaufmann SH, Biel MA, Baylin SB. HIC1 hy-

permethylation is a late event in hematopoietic neoplasms. Cancer

Res 1997; 57: 1678-81.

26. Zhou W, Jiang Z, Li X, et al. EMP3 overexpression in primary breast

carcinomas is not associated with epigenetic aberrations. J Korean

Med Sci 2009; 24: 97-103.

27. Lenz G, Hutter G, Hiddemann W, Dreyling M. Promoter methyla-

tion and expression of DNA repair genes hMLH1 and MGMT in

acute myeloid leukemia. Ann Hematol 2004; 83: 628-33.

28. Park SJ, Rashid SJ, Lee JH, Kim SG, Hamilton SR, Wu TT. Frequent

CpG island methylation in serrated adenomas of the colorectum.

Am J Pathol 2003; 162: 815-22.

29. Oka T, Ouchida M, Koyama M, et al. Gene silencing of the tyrosine

phosphatase SHP1 gene by aberrant methylation in leukemias/lym-

phomas. Cancer Res 2002; 62: 6390-4.

30. Ekmekci CG, Gutierrez MI, Siraj AK, Ozbek U, Bhatia K. Aberrant

methylation of multiple tumor suppressor genes in acute myeloid

leukemia. Am J Hematol 2004; 77: 233-40.


