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Introduction

Chronic lymphocytic leukemia (CLL) is the result of clonal expan-
sion of malignant B cells.1,2 In general, patients with CLL without 
indication for therapy are observed without treatment until disease 
progression. This is due in part to lack of molecular markers that 
predict clinical benefit for early therapeutic intervention. Over the 
last decade, research in CLL has resulted in multiple significant 
advances. These include the development of several new thera-
peutic agents, including nucleoside analogues,3 monoclonal anti-
bodies4 and chemo-immunotherapy combinations.5,6 In addition, 
several molecular alterations with prognostic values have also been 
identified. These include specific cytogenetic patterns,7 mutational 
status of the immunoglobulin heavy chain variable gene (IgV

H
),8 

expression of CD38,9 and ZAP-70.10,11 This information is of sig-
nificance as it confirms at the molecular level the clinical heteroge-
neity of patients with CLL, and may enable the design of specific 
interventions for patients with CLL at different risk.

Aberrant DNA methylation of multiple promoter-associated 
CpG islands can result in suppression of gene expression and the 

We performed a genome-wide analysis of aberrant DNA methylation in chronic lymphocytic leukemia (CLL) using 
methylated CpG island amplification (MCA) coupled with a promoter microarray. We identified 280 potential targets of 
aberrant DNA methylation in CLL. These genes were located more frequently in chromosomes 19 (16%, p = 0.001), 16 
(11%, p = 0.001), 17 (10%, p = 0.02) and 11 (9%, p = 0.02) and could be grouped in several functional networks. Methylation 
status was confirmed for 22 of these genes (SOX11, DLX1, FAM62C, SOX14, RSPO1, ADCY5, HAND2, SPOCK, MLL, ING1, PRIMA1, 
BCL11B, LTBP2, BNC1, NR2F2, SALL1, GALGT2, LHX1, DLX4, KLK10, TFAP2 and APP) in 78 CLL patients by pyrosequencing. As a 
proof of principle, we analyzed the expression of 2 genes, PRIMA1 and APP, in primary cells and of GALGT2, TFAP2C and 
PRIMA1 in leukemia cells. There was an inverse association between methylation and gene expression. This could be 
reversed by treatment with 5-aza-2'-deoxycytidine in cell lines. Treatment in a clinical trial with 5-azacitidine resulted in 
decreased methylation of LINE, DLX4 and SALL1 in the peripheral blood B-cells of patients with CLL. IgVH mutational status 
or ZAP-70 expression were not associated with specific methylation profiles. By multivariate analysis, methylation of LINE 
and APP was associated with shorter overall survival (p = 0.045 and 0.0035, respectively). This study demonstrates that 
aberrant DNA methylation is common and has potential prognostic and therapeutic value in CLL.
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functional inactivation of tumor suppressor genes.12 Interest in 
this phenomenon is derived not only from its molecular impli-
cations, but also because it is reversible, both in vitro and in 
vivo, using agents which inhibit DNA methyltransferase activ-
ity. These drugs have shown clinical activity in patients with 
leukemia.13 Data from several groups have demonstrated that 
DNA methylation of multiple promoter-associated CpG islands 
is common in lymphoid leukemia, including CLL.14-16 Our group 
has been interested in acute lymphoblastic leukemia (ALL).17 In 
ALL, specific methylation patterns are associated with distinct 
prognosis.18 Studies have shown that reactivation of specific genes 
in ALL leukemia cells resulted in selective induction of cell death 
in cells with specific methylation alterations.19,20 In CLL, specific 
methylation alterations have been associated with certain genetic 
lesions, and methylation of the DAPK1 gene has been associated 
with familial CLL.20 More recently, large scale methylation anal-
ysis have identified methylation patterns associated with specific 
genetic lesions in CLL.14

Based on the data discussed above regarding the prevalence of 
aberrant DNA methylation in ALL, lineage similarities between 
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that had a normalized log
2
 ratio of ≥1.3 (which is equivalent to 

a 2.5-fold increase in signal intensity over controls) as shown by 
the microarray analysis. We excluded hypermethylated loci that 
represented unknown genes, spliced EST, mRNA or hypothetical 
proteins.

The 280 candidate genes were distributed across all chromo-
somes (Suppl. Fig. 1), but a significant number of them were 
localized in the following chromosomes: 25 on chromosome 
11 (9%, p = 0.02), 30 on chromosome 16 (11%, p = 0.001), 
27 on chromosome 17 (10%, p = 0.02) and 44 on chromosome 
19 (16%, p = 0.001). We also performed interaction pathway 
and functional analysis of these 280 candidate genes using the 
Ingenuity Pathway Analysis tools 3.0. The analysis divided the 
280 candidate genes into 25 functional networks, with a majority 
of genes falling into the top ten networks (Suppl. Table 5). The 
major functions of the genes involved in these networks included 
cell growth and differentiation, tissue and organ development, 
tissue morphology, cancer, cell death and cell cycle regulation.

Validation of methylation profile of 22 candidate genes in 
patients with CLL. Due to the impracticability of validating all 
genes identified in the microarray, we focused on 22 genes to con-
firm their methylation status in 78 patients with CLL and also 
NBCs from ten healthy volunteers. These 22 genes were selected 
because they have higher log

2
 ratio and their potential function as 

tumor suppressors. As expected, most of the 22 genes had higher 
levels of methylation in patients with CLL than NBCs (Fig. 1), 
with the exception of MLL, BNC1 and SALL1 (these 3 genes 
all had high level of methylation in NBCs). The methylation 
of LINE sequences (Alu repeats of the long interspersed nucleo-
tide elements of genomic DNA) was used as a marker for global 
DNA methylation. Because of concomitant methylation of mul-
tiple genes is common in leukemia, we analyzed the number of 
genes methylated out of the 22 genes in these 78 patients. We 
found that majority of the patients had between 8 and 11 of the 
genes methylated, and no patient had less than five genes meth-
ylated or more than 13 genes methylated (Suppl. Fig. 2). This 
was consistent with the hypermethylator phenotype reported in 
other leukemia, including ALL and acute myeloid leukemia.25,28 
The higher level of methylation for these genes in the two testers 
compared with the two drivers further confirmed the validity of 
this assay.

Expression of target genes and response to epigenetic 
manipulation. To study the relationship between methylation 
and gene expression, we analyzed the mRNA levels of two 
genes (PRIMA1 and APP) in the 78 patients with CLL. We 
found an inverse correlation between methylation and gene 
expression for both PRIMA1 (p = 0.0001) and APP (p = 0.0166)  
(Fig. 2A and B). We then studied the in vitro effect of epigenetic 
modulation with a DNA methyltransferase inhibitor with or 
without histone deacetylase inhibitor. We used Raji and HL60 
acute leukemia cell lines in the study due to lack of well-
established CLL cell lines. We analyzed mRNA expression of 
three genes (GALGT2, TFAP2C and PRIMA1) before and after 
treatment with 5-aza-2'-deoxyctidie and/or trichostatin A in 
these cells. We observed a significantly increased expression of 
all three genes after treatment with 5-aza-2'-deoxyctidine. An 

the ALL and CLL leukemia cells, and previous data in CLL, we 
performed a genome-wide methylation profile of patients with 
CLL using methylated CpG island amplification (MCA) coupled 
with promoter microarray assay. The aim of the study was to 
identify specific methylation alterations with potential functional 
and clinical relevance in CLL. Detection of multiple aberrant 
DNA methylation in CLL could result in the development of 
an epigenetic classification of the disease with prognostic and 
therapeutic potential.

Results

Patient characteristics. Cryopreserved peripheral blood 
lymphocytes from 78 patients with CLL (Suppl. Table 2) and 
normal CD19+ B cells from peripheral blood of ten healthy 
volunteers were used in the study. All patients had a confirmed 
diagnosis of CLL by flow cytometry with known IgV

H
 mutational 

status and ZAP-70 expression. Unmutated (≥98% homology 
to germline) IgV

H
 gene was detected in 38 patients (49%) by 

sequencing, and ZAP-70 was positive in 26 patients (33%) by 
flow cytometry. Standard metaphase karyotype analysis was 
performed in 34 patients. Twenty-four of them had diploid 
cytogenetics, three had trisomy 12, four had 11q deletion and 
three had complex abnormalities. FISH was performed in 18 
patients, one had no abnormalities, eight had 13q deletion, four 
had 17p deletion, three had 11q deletion and two had trisomy12. 
The median time from diagnosis to presentation to MDACC was 
14 mo (range, 1–232 mo). Sixty-seven patients were previously 
untreated, six had one prior treatment, two had two prior 
treatments, and three had three or more prior treatments. Fifty-
three patients received treatment after initial presentation, and 
the median time to treatment was 13 mo (range, 0–76 mo). The 
median follow-up time for all patients was 53 mo (range, 0–83 
mo), and thirteen patients had died during the follow-up period.

Identification of 280 differentially hypermethylated CpG 
islands in patients with CLL using MCA/promoter microarray. 
Because lineage similarities between CLL and ALL, we first 
studied the methylation characteristics of a set of genes known 
to be methylated in ALL, including p15, p57, p73, HOXA5 and 
THSB2.18,24-27 The methylation frequency of these genes in CLL 
was significantly lower than previously reported in ALL, except 
for THSB2 gene. We also analyzed methylation characteristics 
of BIM, ZAP70 and ID4. Results are shown in Supplemental 
Table 3. Since we were unable to identify informative DNA 
methylation markers in CLL using this gene specific approach, 
we then performed a genome-wide search using a MCA/promoter 
microarray assay. We performed the MCA experiment by pooling 
DNA from two patients with 17p deletion CLL (tester) and 
CD19+ NBCs from two age-matched controls (driver) following 
standard procedure, since 17p deletion is a poor prognostic feature 
in patients with CLL. Using this approach, we identified 280 
candidate markers that were differentially hypermethylated in 
patients with CLL (Suppl. Table 4). We selected only genes with 
two putative SmaI cutting sites, and also contained CpG islands 
in their promoter region based on results from Human Blat 
analysis (http://genome.ucsc.edu). We focused on those genes 
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Figure 1. Heatmap representations of methylation profiles of 22 candidate genes. Methylation was measured in patients with CLL (n = 78) and NBCs 
(n = 10) using bisulfite pyrosequencing. Green indicates a methylation density of <10%, yellow 10–49% and red ≥50%. White indicates lack of data due 
to failure of the assay for this particular sample. Tester includes the profile of the two patients with CLL and 17p deletion, driver includes the NBCs from 
two healthy volunteers whose DNA was used to perform the original MCA experiment. The methylation profiles of the two testers and two drivers are 
shown at the top of the figure.
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peripheral blood of two patients treated in a clinical trial with 
5-azacitidine (Fig. 3A). Only two patients with CLL have been 
enrolled and treated in this study so far. In the first patient, we 
observed decreased LINE methylation at day 7 of treatment, and 
also a 40% decrease in SOX11 methylation at day 49 of treat-
ment. In the second patient, we observed a significant decrease in 
SXO11 methylation during both cycle 1 and cycle 2 of treatment, 
and also a 70% decrease in DLX4 methylation during cycle 1 of 
treatment.

Association between gene methylation and prognostic 
factors in CLL. To further characterize the clinical relevance 

additive/synergistic effect on gene expression was also observed 
after pretreatment of cells with 5-aza-2'-deoxyctidine and then 
followed by trichostatin A (Fig. 2C and D). These data indicated 
that promoter methylation of these genes is associated with 
suppressed gene expression in leukemia cells and this can be 
reversed by treatment with DNA methyltransferase inhibitors, 
and more potently, in combination with histone deacetylase 
inhibitors.

To further study the functional role of these genes and their 
response to epigenetic therapy, we analyzed the in vivo effect on 
the methylation status of target genes in the DNA samples from 

Figure 2. (A and B) Correlation between methylation (%) and gene expression (dCTt) of two selected genes, PRIMA1 and APP. Methylation was 
measured by bisulfite pyrosequencing and gene expression was measured by real-time RT-PCR assay. (C and D) Epigenetic modulation of GALGT2, 
TFAP2C and PRIMA1 gene expression in Raji and HL60 leukemia cell lines. Leukemia cells were treated with 5-aza-2'-deoxycytidine (DAC) at 1 µM for 4 
days alone, or DAC at 1 µM for 4 days and then trichostatin A (TSA) at 500 nM for the last 24 h, or TSA at 500 nM for the last 24 h alone without  
pre-treatment with DAC. Medium was changed daily with fresh drugs, and gene expression was measured by real-time RT-PCR assay.
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with increased methylation of LINE (p < 0.0001) and SALL1  
(p = 0.048) (Table 1).

Association between patient characteristics, methyla-
tion status and overall survival. We performed univariate Cox 
proportional hazard model analysis and found that labora-
tory parameters associated with overall survival in this group 
of patients included absolute lymphocyte count (HR = 1.008,  
p = 0.05), hemoglobin (HR = 0.66, p = 0.025), and β-2 micro-
globulin (HR = 1.42, p = 0.001) (Suppl. Table 6). In addi-
tion, unmutated IgV

H
 status predicted for shorter survival 

and an almost 6-fold increase in the risk of death (HR = 5.83, 
p = 0.022), while expression levels of ZAP-70 were not pre-
dictive for overall survival in this patient group. Patient who 
received prior treatment also had a shorter overall survival  

of methylation profile of the genes analyzed here, we performed 
hierarchic cluster analysis of DNA methylation data. In general, 
we did not observe any difference in the methylation profile of 
the 22 genes regardless of IgV

H
 mutational status or ZAP-70 

expression in this group of patients (Fig. 4). These data suggested 
that DNA methylation might be a secondary event in the 
evolution of CLL. On further analysis, we found that unmutated 
IgV

H
 status was associated with increased methylation levels 

of LINE (p < 0.0001) and SALL1 (p = 0.0008). In contrast, 
mutated IgV

H
 was associated with increased methylation levels 

of RSPO1 (p = 0.001), GALGT2 (p = 0.002), APP (p = 0.003) 
and PRIMA1 (p = 0.01). Expression of ZAP-70 was associated 
with increased methylation of RSPO1 (p = 0.004) and APP  
(p = 0.04); while negative ZAP-70 expression was associated 

Figure 3. (A) In vivo effect of 5-azacitidine in patients with CLL. Changes in methylation of LINE, SOX11 and DLX4 genes were measured in two patients 
with CLL who were treated in a clinical trial with 5-azacitidine. DNA was isolated from peripheral blood mononuclear cells and the methylation was 
measured by bisulfite pyrosequencing at each time point indicated. C, cycle number; D, days of treatment. (B and C) Methylation of LINE, APP and 
overall survival. Kaplan-Meyer survival analysis showing both increased methylation of LINE (p = 0.045) and APP (p = 0.0035) were associated with 
shorter overall survival using optimal cut-points at 58.8 and 17%, respectively.
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1% increase of APP methylation increased the risk of death by 
8% (p = 0.001). On further analysis, the dichotomized methyla-
tion levels of LINE and APP using the optimal cut-points at 58.8 
and 17% were significantly associated with overall survival with 
the adjusted p values of 0.045 and 0.0035, respectively (Fig. 3B 
and C and Table 2).

Discussion

In this study, we have performed a genome-wide methylation 
analysis of patients with CLL, and identified 280 potential new 
targets of aberrant DNA methylation. Methylation of at least 25 

(HR = 8.33, p = 0.0001). We also explored the associations 
between methylation status of the 22 candidate genes and over-
all survival using the same model. We identified that increased 
methylation of LINE, APP, SALL1 and PRIMA1 was correlated 
with shorter overall survival. In the multivariate Cox propor-
tional hazards model, higher β-2 microglobulin, increased meth-
ylation of LINE and APP predicted for shorter overall survival. 
After adjusting for LINE and APP, 1 unit increase of β-2 micro-
globulin increased the risk of death by approximately 54% (p 
= 0.0015); after adjusting for β-2 microglobulin and APP, 1% 
increase of LINE methylation increased the risk of death by 19% 
(p = 0.019); and after adjusting for β-2 microglobulin and LINE, 

Figure 4. Hierarchic cluster analysis of methylation data and its correlation with IgVH mutational status (A) and ZAP-70 expression (B). Cluster analysis 
of methylation data was performed using Commoner application from National Cancer Institute (www.discover.nci.nih.gov/cimminer). Each column 
represents an individual patient and each row represents a gene.
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gene encodes a zinc finger protein and mutations of this gene 
have been associated with the Townes-Brocks syndrome. Besides 
our recent report of SALL1 methylation in CLL, little is known 
of the function of this gene in leukemia. Methylation of LINE is 
a marker of global DNA methylation that has been shown to be 
associated with microsatellite instability.31 Prior report has indi-
cated a relationship between IgV

H
 mutational status and global 

gene methylation.32 In this current study, methylation profiles 
were not different in these patients regardless of their IgV

H
 muta-

tional status or ZAP-70 expression, which indicates that these 
two events maybe independent upon methylation status.

The data presented here are of significance for several reasons. 
First, we provided a large unbiased list of potential targets of 
DNA methylation in human leukemia. It is possible that several 
of these genes could have potential tumor suppressor properties 
and the study of these genes may provide further information 
regarding CLL and other leukemia. Second, from a translational 
perspective, methylation of several of these genes was associated 
with important clinical and prognostic characteristics. It is 
therefore possible that systematic analysis of these genes may 
help in the development of new prognostic biomarkers in CLL 
and may guide therapeutic timing in these patients. Third, 
it is known that DNA methyltransferase inhibitors act in part 
through reversing aberrant DNA methylation and restoring gene 
expression. The data presented here raised the possibility that the 
use of drugs like 5-azacitidine or decitabine may have clinical 
activity in this disease, and we observed decreased methylation of 
several of these genes in CLL patients treated with 5-azacitidine. 
Ongoing phase II trials are evaluating this possibility at our 
center.

Several groups have already presented data in the analysis of 
DNA methylation in CLL. Using RLGS, Rush et al. identified 

of these genes (WNT9A, DLX11, GAD1, GBX2, INHA, CYP1B1, 
FAM62C, RSPO11, HAND1, SLC22A3, HOXA9, NPM2, LBX1, 
MYOD11, THY1, MDK, TBX3, FGF14, PDX26, PRIMA1, 
SSTR1, REC8L1, SALL1, SPAG5 and KLK10) has been previ-
ously reported in other malignancies, but rarely in CLL. These 
280 genes can be clustered into specific functional networks 
involving in multiple molecular processes and signaling path-
ways. We mapped these genes to their chromosomal locations, 
and observed there was a bias towards chromosomes 11, 16, 17 
and 19. Since we initially used DNA from patients with 17p dele-
tion, we were particularly interested in genes that were located in 
that area or might have interaction with p53. There were 27 genes 
mapped to chromosome 17 and four of them (PRIMA1, TFAP4, 
SIRT2, TP53INP2) have been reported to functionally interact 
with p53. Importantly, alterations of chromosome 17 and 11 have 
been associated with poor prognosis in CLL.7

We validated methylation of 22 candidate genes using bisul-
fite pyrosequencing because it was impractical to analyze all 
genes identified in the current study. Consistent with previously 
described hypermethylator phenotype in acute leukemia,25,28 we 
observed a significant fraction of patients were characterized by 
the concordant methylation of multiple genes. Furthermore, 
methylation of these genes was functionally relevant as it was 
inversely associated with gene silencing. Also, treatment of leu-
kemia cells with epigenetic modulators resulted in increased 
gene expression. These observations were of clinical relevance, 
since methylation of several of these genes was associated with 
important genetic and prognostic factors in this patient popula-
tion, including IgV

H
 mutational status and ZAP-70 expression. 

For instance, increased LINE and SALL1 methylation was associ-
ated with unmutated IgV

H
, a marker of poor prognosis in CLL.9 

Increased methylation of RSPO1 and APP was associated with 
positive expression of ZAP-70, also a poor prognostic marker in 
CLL.11 Several genes were associated with shorter overall survival 
by univariate analysis, including increased methylation levels 
of LINE, APP, SALL1 and PRIMA1. In multivariate analysis, 
increased methylation of LINE and APP were associated with 
worse outcome. Amplification of APP gene (amyloid precursor 
protein) has been described in acute myeloid leukemia29 and 
maybe involved in Notch signaling,30 an important pathway in 
ALL. But the role of APP in CLL is currently unknown. SALL1 

Table 1. Differences in gene methylation status by prognostic group

Gene
Mean % relative methylation

p-value
Mean % relative methylation

p-Value
M-IgVH UM-IgVH ZAP-70+ ZAP-70-

LINE 53.6 63.3 <0.0001 56.0 63.2 <0.0001

RSPO1 27.1 14.5 0.001 23.4 18.8 0.004

GALGT2 27.9 14.7 0.002 NS

CYP1B1 4.7 3.3 <0.0001 NS

APP 11.4 6.5 0.03 9.6 7.8 0.04

MLL 9.4 8.1 0.001 8.5 9.2 0.02

SALL1 63.4 75.2 0.0008 66.7 74.1 0.05

PRIMA1 22.0 12.8 0.01 NS

M-IgVH, mutated IgVH; UM-IgVH, unmutated IgVH; ZAP-70+, ≥20% cells positive by flow; ZAP-70-, <20% cells positive by flow; NS, not significant.

Table 2. Multivariable cox proportional hazard model for and survival

Characteristic HR 95% CI p-value

β2M (1 unit increase) 1.54 1.18–2.00 0.002

LINE (1% increase meth) 1.19 1.03–1.37 0.02

APP (1% increase meth) 1.08 1.03–1.14 0.001

β2M, beta-2 microglobulin; HR, hazard ratio; CI, confidence interval; 
meth, methylation.
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Materials and Methods

Human specimens. Cryopreserved peripheral blood lymphocytes 
from 78 patients with CLL were obtained from the CLL Research 
Consortium Tissue Bank. All patients provided informed con-
sent at the time of sample collection according to institutional 
guidelines. DNA and RNA were extracted using Tri-zol reagents 
from Invitrogen (Carlsbad, CA, USA) following standard pro-
tocols. DNA and RNA were also obtained from normal CD19+ 
B cells (NBCs) from 10 healthy volunteers with a median age of 
59 years (range, 32–70 years). NBCs were isolated using Human 
B Cell Isolation Kit from Miltenyi Biotec (Auburn, CA, USA) 
according to manufacturer’s protocol.

Human leukemia cell lines. HL60 and Raji human leukemia 
cell lines from American Type Culture Collection (Mansssas, VA, 
USA) were used in the current study due to lack of well estab-
lished CLL cell lines. Cells were cultured in RPMI 1640 medium 
from Gibco BRL (Grand Island, NY, USA) supplemented with 
10% fetal bovine serum and penicillin-streptomycin.

DNA bisulfite treatment and bisulfite pyrosequencing. 
Bisulfite treatment of genomic DNA and bisulfite pyrosequencing 
were performed as previously described.18 For pyrosequencing, a 
two-step PCR reaction was performed using specially designed 
forward and reverse primers (Suppl. Table 1). Sequencing primer 
was designed to analyze at least 3–4 CpG sites in the ampli-
fied promoter region. Primers were designed to be located in the 
proximity of transcription start sites using Pyrosequencing Assay 
Design Software from Biotage (Uppsala, Sweden). Quantification 
of cytosine methylation was performed using the PSQ HS96A 
1.2 software package. A gene was considered as methylated if the 
methylation density was ≥10%.

MCA/promoter microarray. The principles underlying MCA 
and the use of the Agilent promoter microarray have been recently 
described by several studies.21-23 MCA involves amplification of 
closely spaced Sma I sites (CCCGGG) to enrich for methylated 
CpG islands in the promoter region. The MCA experiment was 
performed following standard procedure,23 using pooled genomic 
DNA (5 µg) from two CLL patients with chromosome 17p dele-
tion (tester), and from NBCs of two age and sex (male) matched 
healthy volunteers (driver). We selected patients with 17p dele-
tion because or their poor prognosis in patients with CLL. Thus, 
genes indentified in this assay could be associated with distinct 
prognosis.

PCR products from MCA experiment were labeled using 
CGH labeling kit from Invitrogen according to manufacturer’s 
protocol. Briefly, 2 µg of PCR product was mixed with random 
primer solution and water to a final volume of 75 µl. The mixture 
was incubated at 95°C for 5 min and immediately transferred 
to an ice-water bath. After that, dUTP nucleotide mix, Klenow 
enzyme and either Cy5 (tester amplicon) or Cy3 (driver 
amplicon) were added to the mixture and incubated at 37°C 
for 3 hours in the dark. The reaction was terminated using a 
stopping buffer. Samples were washed using CGH column from 
Invitrogen. Approximately 5 µg each of Cy5- and Cy3-labeled 
samples were mixed in 150 µl diluted water. After that, 50 µl 
human Cot-1 DNA, 50 µl Agilent blocking agent and 250 µl 

193 potential targets of methylation in CLL.33 Of interest is 
that only seven of these genes (CYP1B1, PPRN2, TBX3, 
FGF14, BASP1, NKX2.3 and NS3ST2) were commonly identi-
fied by both genome-wide approaches. Other genes shown to 
be frequently methylated in CLL include ID434 and TWIST2.35 
Recently, Raval et al. reported on the methylation of DAPK1, 
and its interactions with HOXB7, in both sporadic and familial 
CLL.20 We detected HOXB7 in our array and follow up stud-
ies of epigenetic regulation of HOXB7 gene in CLL are ongo-
ing. It is of interest that there is relatively little concordance 
between our findings and those of these other reports. One 
likely explanation is our focus on patients with alteration of 
chromosome 17. Therefore the results presented here should be 
considered as potential. Furthermore, and in contrast with the 
data of Kanduri et al.,14 we could not identify any associations 
between specific genetic alterations and methylation patterns. 
This could also be explained due to our focus on chromosome 
17 as well as technical differences between the assays used in 
these studies.

There are several limitations to the data presented here. First, 
the sensitivity and specificity of the MCA/promoter microarray is 
not fully known, but it has been shown to have a high reproduc-
ibility by both our group and others.21,22 Furthermore, we have 
compared our results in CLL and that in ALL using the same 
technique and found that only 10% of the genes were shared 
between them.36 It should also be noted that in the MCA assay, 
we used DNA from two patients with 17p deletion because it 
confers poor prognosis in CLL. It is thus possible that perform-
ing additional experiments of other patient subgroups with dif-
ferent genetic features could result in the identification of other 
valid targets. Second, there are different techniques to perform 
large-scale methylation analysis and is probable that our study 
may only provide a partial view of the epigenome of the CLL. 
Indeed one limitation of our study is the fact that we only used 
DNA from two patients to perform the MCA experiment. This 
was illustrated by the differences of our results from those of 
Rush et al.33 It is most likely both sets of data are complementary. 
Most importantly, the in vivo methylation and expression data 
suggested a functional relevance for at least some of the genes. 
Finally, the impact of these epigenetic alterations in the setting 
of CLL therapy was not studied as the samples used here were 
collected in patients not treated uniformly in clinical trials. It 
will be important to analyze the clinical impact of methylation 
of some of these genes. It should also be pointed out that the 
clinical and prognostic associations observed in this study should 
be considered as exploratory and needs to be confirmed in larger 
prospective studies.

In conclusion, the MCA/promoter microarray technique is a 
useful tool to study the genome-wide DNA methylation profile 
in leukemia or other cancer types. We identified 280 potential 
targets of aberrant DNA methylation in patients with CLL that 
carry 17p deletion. Methylation status of several of these genes 
may have significant prognostic and therapeutic values in CLL. 
Further studies are needed to characterize the functional roles of 
these genes and molecular pathways involved that may impact on 
prognosis and response to therapy in patients with CLL.
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Statistical analysis. Association between categorical variables 
was assessed via cross-tabulation and Fisher’s exact test. Wilcoxon 
rank sum test was used to assess the difference in continuous vari-
ables between groups. Spearman correlation method was used to 
determine the correlations between age and DNA methylation 
levels. Kaplan-Meier product-limit method was used to gener-
ate the survival curves, where the overall survival is defined as 
the time between referral to MDACC and last follow-up. Overall 
survival was calculated from time to referral at MDACC, and not 
from initial diagnosis, because samples were collected at the time 
of referral to MDACC and we do not know whether methylation 
patterns change with time. Log-rank test was subsequently used 
to assess the difference in survival between groups to study the 
effects of exploratory covariates on overall survival. Cox propor-
tional hazards regression models were used to assess the hazard 
ratio and the goodness-of-fit of the models were evaluated by 
martingale residual plots. In univariate Cox regression, the effects 
of variables were modeled individually. All variables with p values  
less than 0.15 were included into an initial multivariate Cox 
proportional hazards model, and a stepwise model selection pro-
cedure was performed with equal entering and staying probabili-
ties of 0.1. At the end of model selection, variables with p values  
less than 0.05 were retained. A recursive partitioning technique 
was also applied to find the optimal cut-points for methylation of 
genes with respect to overall survival.

All computations were carried out on DELL PC using the 
Windows NT operating system in SAS software from SAS 
Institute (Cary, NC, USA) and S-plus 2000 software package 
from Insightful Corp. (Seattle, WA, USA). All reported p values 
were 2-sided, and p < 0.05 was considered statistically significant.
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Agilent hybridization buffer were added in the mixture in that 
order. The mixture was incubated at 95°C for 3 min, 37°C for 30 
min and then hybridized to Agilent human proximal promoter 
microarray slides (44K array) from Agilent Technologies 
(Santa Clara, CA, USA) according to the Agilent aCGH array 
hybridization protocol. The hybridization reaction was carried 
out in a rotisserie hybridization oven at 65°C, 10 rpm for 40 
h. Slides were subsequently washed with Agilent Oligo aCGH 
wash buffers, acetonitrile, stabilization and drying solutions from 
Agilent Technologies in the dark. After the final wash, slides were 
kept in dark and scanned within 30 min using Agilent G2565AA 
scanner. Data were analyzed using Agilent CHIP Analytics 
1.2 software package. The MCA/microarray experiments were 
performed in duplicate.

Interaction networks and functional analysis of microarray 
data. Interaction network and functional analysis of microar-
ray data were performed using online version of the Ingenuity 
Pathway Analysis tools 3.0 from Ingenuity System Inc., (Redwood 
City, CA, USA).

Analysis of gene expression using real-time RT-PCR. Gene 
expression was analyzed using conventional real-time RT-PCR 
assays as previously published.21

Epigenetic modulation of target genes. To study the in vivo 
effect of the DNA hypomethylating agent 5-azacitidine, we per-
formed sequential bisulfite pyrosequencing analysis of selected 
genes using DNA isolated from peripheral blood samples of two 
CLL patients treated with 5-azacitidine in a clinical trial at M.D. 
Anderson Cancer Center (MDACC). Consent for sample col-
lection at different time points during treatment was obtained 
following institutional guidelines.

To further study the in vitro effect of DNA methylation and/
or histone acetylation on gene expression, we treated HL60 and 
Raji leukemia cells with the selective DNA methyltransferase 
inhibitor, 5-Aza-2'-deoxycytidine from Sigma (St. Louis, MO, 
USA) with or without histone deacetylase inhibitor (HDACI) 
trichostatin A from ICN Biomedicals (Shelton, CT, USA). 
Briefly, leukemia cells were cultured in media supplemented with 
5-aza-2'-deoxycytidine at 1 µM for 4 days alone, or in combi-
nation of 5-aza-2'-deoxycytidine at 1 µM for 4 days and then 
trichostatin A at 500 nM for the last 24 h, or trichostatin A at 
500 nM for the last 24 hours alone without pre-treatment with 
5-aza-2'-deoxycytidine. Medium was changed daily with fresh 
drugs. The mRNA was isolated from leukemia cells at the end 
of treatment and gene expression was analyzed using real-time 
RT-PCR assay.
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