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Biological and clinical relevance of quantitative
global methylation of repetitive DNA sequences
in chronic lymphocytic leukemia
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Global DNA hypomethylation affecting repeat sequences has been reported in different cancer types. Herein, we
investigated the methylation levels of repetitive DNA elements in chronic lymphocytic leukemia (CLL), their correlation
with the major cytogenetic and molecular features and clinical relevance in predicting therapy-free survival (TFS).
A quantitative bisulfite-PCR pyrosequencing method was used to evaluate methylation of Alu, long interspersed nuclear
elements-1 (LINE-1) and satellite-a (SAT-a) sequences in 77 untreated early-stage (Binet A) CLL patients. Peripheral B cells
from seven healthy donors were used as controls. Methylation levels (median %5mC) were lower in B-CLLs compared
with controls (21.4 vs. 25.9; 66.8 vs. 85.7; 84.0 vs. 88.2 for Alu, LINE-1 and SAT-q, respectively) (p < 0.001). Among CLL
patients, a significant association was observed with 17p13.1 deletion (16.8 vs. 22.4; 51.2 vs. 68.5; 52.6 vs. 85.0, for Alu,
LINE-T and SAT-a) but not with other major genetic lesions, IgV,, mutation status, CD38 or ZAP-70 expression. Follow-up
analyses showed that lower SAT-a methylation levels appeared to be an independent prognostic marker significantly
associated with shorter TFS. Our study extended previous limited evidences in methylation of repetitive sequences in

CLL suggesting an important biological and clinical relevance in the disease.

Introduction

Chronic lymphocytic leukemia (CLL) is a clinically heteroge-
neous disorder characterized by a disparate clinical course with
survival varying from months to decades.! Several biomarkers
have been correlated with aggressive disease, including chromo-
somal abnormalities such as deletions at chromosomes 11g22.3
and 17p13.1,% the mutation status of the variable regions of the
heavy chain immunoglobulin genes (IgV,),” the expression of
the 70 kd zeta-chain T-cell receptor-associated protein kinase
(ZAP-70) and CD38 cell surface antigen.*> However, patients
with a predicted good prognosis may show an aggressive disease,
suggesting that stratification according to these parameters does
not fully explain the clinical heterogeneity of CLL.

DNA methylation, one of the most investigated epigen-
etic mechanisms in mammals, is a reversible event that modi-
fies genome function and chromosomal stability through
the addition of methyl groups to cytosine to form 5-Methyl-
Cytosine (5SmC) mostly occurring in a 5-CpG-3' sequence
context.® CpG dinucleotides are often aberrantly methyl-
ated in human cancers to give an overall reduction of 5mC
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(global DNA hypomethylation) despite regional hypermethyl-
ation at some CpG islands.” The enzymes responsible for CpG
methylation are the DNA methyltransferases (DNMT5) including
DNMTI, DNMT3a and DNMT3b. DNMT1 is known to be the
“maintenance” enzyme whereas both DNMT3a and DNMT3b
are known as de novo methyltransferases.®’

Hypomethylation of repetitive elements (i.., transposable ele-
ments, satellite DNA, LINEs and SINEs) is thought to largely
account for the global hypomethylation commonly observed in
human cancers.!” A significant fraction of these elements is
represented by interspersed sequences such as Alu, accounting
for ~10% of the human genome and LINE-1." Satellitu: DNA
sequences (i.e., Sat-at) are generally found in centromeres or cen-
tromere-adjacent heterochromatin.'? Repetitive elements, mainly
the interspersed repeated DNA sequences, contain numerous
CpG dinucleotides; therefore, the methylation status of these
sequences is relevant to the understanding of the global DNA
methylation pattern."

14-17

Global or gene-specific hypomethylation,'*"” as well as hyper-
methylation affecting putative tumor-suppressor genes,'*** have

been reported in CLL. Despite previous studies describing global
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Table 1. Biological and molecular features of CLL patients included
in the study

Parameter
Age (years)
Median 65
Range 27-87
Gender No. of patients
Female 31
Male 46

Interphase FISH analysis
Normal 14
1g- 1

13g- (as a sole abnormality) 33 (21)
17p- 12
+12 17
Multiple cytogenetic abnormalities 12
ZAP-70 expression
Negative (<30%) 46
Positive (=30%) 28
CD38 expression
Negative (<30%) 36
Positive (=30%) 35
IgV,, mutational status
Mutated (<98% homology) 28
Unmutated (=98% homology) 48

Table 2. Global DNA methylation levels in healthy subjects compared
with CLL patients

T =
med [IQR] n med [IQR]
Alu (%5mC) 25.9 [25.7-26.6] 76 21.4[18.1-23.6]
p? <0.001
LINE-1 (%5mC) 7 85.7 [83.4-87.1] 77 66.8 [60.5-74.9]
p? <0.001
SAT-a (%5mC) 7 88.2 [86.5-90.2] 72 84.0 [64.1-86.2]
p? <0.001

IQR, interquartile range: Twenty-fifth and seventy-fifth percentiles.
2Wilcoxon rank sum test for difference between categories.

DNA hypomethylation in CLL, the role of specific repetitive ele-
ments has been poorly investigated.?® The relationship of global
DNA methylation levels with clinical and biological risk factors
of the disease, as well as its clinical course, remain uncertain.
The goal of the present work was to investigate the methyla-
tion levels of Alu, LINE-1 and SAT-a repetitive sequences and
correlate them with the major biological and cytogenetic markers
known to predict clinical outcome in CLL. The association of
repetitive DNA sequences methylation with disease progression,
measured as the time elapsed from diagnosis to first treatment
(therapy-free survival, TES), was also investigated. To this end
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a quantitative PCR-Pyrosequencing approach was used to deter-
mine the levels of repetitive sequences methylation in a panel
of highly purified (>90%) peripheral mononuclear CD19* cells
from seven healthy donors and 77 untreated CLLs in early stage
disease (Binet stage A).

Results

Molecular characterization of the CLL patients. The molecu-
lar and biological characteristics of the 77 patients included in
the study are shown in Table 1. ZAP-70, CD38 and IgV , muta-
tional analyses were performed in 74, 71 and 76 cases, respec-
tively. Forty-eight patients had un-mutated IgV, genes; ZAP-70
and CD38 were positive in 28 and 35 cases, respectively; 13q14.3
deletion was present as a sole abnormality in 21/33 patients while
in the remaining cases it was combined with 17p13.1 (n = 4)
or 11q22.3 deletions (n = 7) or both (n = 1). The 11q22.3 and
17p13.1 deletions were detected as sole abnormality in 6 and 7
patients, respectively. Trisomy 12 occurred in 17 patients, as a
sole abnormality in all cases.

Methylation levels in healthy subjects and CLL samples. The
methylation levels of Alu, LINE-1 and SAT-o DNA in B-CLLs
were compared with value obtained for CD19* purified periph-
eral B cells from seven healthy donors (Table 2). CLLs showed
a statistically significant decrease of Alu (median: 21.4%5mC),
LINE-1 (66.8%5mC) and SAT-a DNA (84.0%5mC) methyla-
tion levels as compared with controls (25.9%5mC, 85.7%5mC
and 88.2%5mC, respectively) (p < 0.001).

Correlation of clinically relevant parameters with the
DNA methylation levels. We evaluated global DNA methyla-
tion levels of repetitive sequences in the context of different
cytogenetic groups. A statistically significant association was
only found between Alu, LINE-1 or SAT-a hypomethylation
levels and the occurrence of the 17p13 deletion (p = 1.107¢-%
for Alu; 1.535¢-% for LINE-1 and 3.88e-" for SAT-a), (Fig. 1).
The median %5mC of 17pl3 deleted patients vs. those with-
out this lesion were 16.8 vs. 22.4 for Alu, 51.2 vs. 68.5 for
LINE-1 and 52.6 vs. 85.0 for SAT-a, respectively. We then
extended correlation analysis to other prognostic parameters
such as IgV, mutation status, CD38 or ZAP-70 expression, but
no significant associations with DNA methylation levels were
observed (Table 3).

DNMTI, DNMT3a and DNMT3b expression in healthy
subjects and CLL patients. To investigate the relationship
between DNA hypomethylation and DNM7Ts expression we
evaluated the absolute expression levels of three distince DNMT
genes in 42 out of 77 CLLs and 6 healthy donors available in
our gene expression profiling database. DNMT1 showed a signifi-
cantly decreased absolute median expression in CLLs (median:
103.8, range: 52.9-194.4) as compared with normal B cells
(median: 149, range: 107.4-212.7, p = 0.0084), whereas no sig-
nificant differences were observed for DNMT3a and DNMT3b
mRNA expression (Fig. 2).

Correlation between DNA methylation markers. A moder-
ate correlation was found between the methylation levels of Alu

and LINE-1, Alu and SAT-o« DNA and LINE-1 and SAT-a
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responding to each methylation marker are shown.

Figure 1. DNA methylation levels in relation to different cytogenetic groups. Box plot representation of DNA methylation levels. The p values cor-

Table 3. DNA methylation levels related to different biological markers in CLL patients

ALU
n med [IQR] p*
CD38 expression
Negative (<30%) 36 21.9[18.2-23.7] 071
Positive (=30%) 34 22.1[18.6-23.8]
ZAP-70 expression
Negative (<30%) 45 21.8 [17.9-23.7] 07>
Positive (=30%) 28 22.2[18.9-23.6]
IgV,, mutational status
Mutated (<98% homology) 28 21.4[18.2-22.6] 0.49
Unmutated (=98% homology) 47 22.1[17.9-24.0]

LINE-1 SAT-a

n med [IQR] p? n med [IQR] p?
36 67.6 [60.1-75.4] 34 84.9 [75.5-86.1]

0.94 0.78
35 68 [63.8-73.2] 32 84.1 [73.8-86.5]
46 65.9 [59.1-73.4] 42 84.3 [68.4-86.4]

0.21 0.89
28 68.7 [64.3-75.2] 27 83.9[69.5-86.3]
28 66.8 [61.3-75.1] 26 84 [75.8-85.2]

0.40 0.51
48 66.8 [59.3-73.7] 45 84.3 [62.0-86.8]

IQR, interquartile range: twenty-fifth and seventy-fifth percentiles. *Wilcoxon rank sum test for difference between categories.

(T = 0.33, 0.52 and 0.36, respectively; p < 0.001). We did not
observe significant association between the DNA methylation of
Alu, LINE-1 and SAT-a DNA and expression levels of the three
DNMT; (data not shown).

Prognostic value of Alu, LINE-1 and SAT-a methylation
levels. Clinical data were available for 65 patients. The median
follow-up was two years (range 1-10 years) and 39 patients had
received treatment by the end of the study. As expected, univari-
ate Cox analysis showed that the patients who were CD38 posi-
tive (n = 32) (HR = 2.0, 95% C.I. 1.1-4.0, p = 0.032), ZAP-70
positive (n = 25) (HR = 1.9, 95% C.I. 1.1-3.8, p = 0.046), IgV
un-mutated (n = 40) (HR =2.4,95% C.I. 1.1-5.1, p = 0.022) and
cases deleted for 17p13.1 (2 = 5) (HR = 4.1, 95% C.I. 1.4-12.3,
p < 0.0001) were at higher risk of starting treatment.

In order to examine the potential prognostic relevance of
hypomethylation of each marker, CLL patients were tested
for the methylation levels of Alu, LINE-1 and SAT-a which
maximize the risk of therapy. The analysis of each meth-
ylation marker revealed a significantly higher risk of start-
ing treatment for patients with lower Alu (z = 5, cutoff =

15.3%5mC, HR = 3.7, 95% C.I. 1.4-9.8, p = 0.008) and SAT-a
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(n = 13, cut-off = 69.0%5mC, HR = 4.9, 95% C.I. 2.2-10.8,
p < 0.0001) methylation levels (Fig. 3), whereas no statistically
significant association was demonstrated with regard to LINE-
1. Notably, after correction for multiple testing comparison,
only SAT-a retained a significant correlation with TES (p-adj
=0.0032, HR = 4.7, 95% C.1. 1.7-13). Finally, the methylation
status of SAT-a adjusted for CD38, ZAP-70 expression, IgV
mutational status or 17p13.1 deletion indicated the independent
prognostic power of SAT-a hypomethylation in relation with the
risk of treatment start (Table 4). In these models, CD38, ZAP-
70, IgV,, mutational status and 17p13.1 deletion were no longer
statistically significant.

Discussion

Many studies have focused on the relevance and clinical applica-
tions of DNA hypermethylation in human cancer.** However,
hypomethylation of the genome affecting intergenic and intronic
DNA regions, such as repeat sequences and transposable ele-
ments, is believed to result in chromosomal instability, increased

mutation events and altered gene expression.?>*
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Figure 2. Boxplot representation of absolute RNA expression levels of the three DNMTs (DNMT1, DNMT3a and DNMT3b) in healthy subjects and CLL
patients as assessed by microarray analysis. A significantly decreased absolute median RNA expression level in CLLs vs. healthy donors was found for

Although a reduced overall 5-Methyl-Cytosine (5mC) con-
tent has previously been demonstrated in CLL,'"*" the role of
repetitive element methylation has been scarcely investigated
in this disease.” In the current study, we quantified the meth-
ylation levels of Alu, LINE-1 and SAT-a repetitive sequences
in a panel of seven healthy donors and 77 untreated B-CLLs in
early stage disease, using the Pyrosequencing technology. This
approach is widely thought to have a greater precision, accuracy,
sensitivity and reproducibility than the capillary electrophoresis
or methylation-sensitive restriction enzymes methods generally
used in previous studies dealing with global genomic methyla-
tion."*?” Finally, to the best of our knowledge, this is the first
comprehensive report describing global DNA methylation pat-
terns of repeated elements in CLL and their relationship with
clinically relevant biological and cytogenetic markers, as well as
their potential prognostic value in terms of TFS.

The significantly decreased methylation levels of Alu, LINE-1
and SAT-a repetitive elements found in CLL samples when com-
pared with healthy donors extended previous evidence show-
ing that global hypomethylation is a common feature of CLLs,
a finding recently supported by high-resolution methylation
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micro-array analysis of a limited number of patients.?® Since our
series involved a panel of untreated CLL patients in early stage
disease, this finding strongly suggest that hypomethylation of
repetitive elements may represent an early event in CLL similar
to that observed in other tumors.?**

Notably, our data indicate that SAT-a hypomethylation
may represent an independent negative prognostic marker
that significantly correlates with the need of starting treat-
ment at the identified cut-off below 70%5mC. This finding
suggests that global DNA hypomethylation may contribute to
CLL tumor progression, likely promoting genomic instability
as a consequence of destabilization of repetitive sequences.’"%
Hypomethylation of DNA satellite repeats in pericentromeric
regions has been shown to lead to chromatin decondensation
and consequent chromosomal fragility. The high frequency of
chromosome rearrangements/breakpoints found in different
cancer types and associated with tumor progression has been
correlated with a marked role of satellite repeats hypomethyl-
ation.” Finally, it should be noted that the hypomethylation
of the three analyzed repetitive sequences appeared to be cor-
related, albeit at moderate levels. This finding may suggest a
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common mechanism of demethylation of such elements in CLL
as reported in other types of tumor.*

With regards to molecular and biological prognostic mark-
ers in CLL, of particular interest is the evidence of a significant
hypomethylation of Alu, LINE-1 and SAT-a in CLLs carrying
17p13.1 deletion, which is known to be associated with an aggres-
sive clinical course.? No significant correlation with other genetic
lesions, CD38 or ZAP-70 expression and IgV,, mutation status
was observed. However, with regards to the IgV,, mutation sta-
tus, Lyko and colleagues, using a different quantitative method
and a chi-squared statistics, have earlier identified an estimated
cut-off value in global cytosine methylation that maximized the
differences in the distribution of IgV,, mutated and un-mutated
cases. The same statistics applied to our data set allowed to
identify 23.8% (p = 0.0223) and 86.1% (p = 0.0107) as cut-off
values for Alu and SAT-a methylation levels, respectively (data
not shown). However, such values are irrespective of the global
distribution of IgV, mutated/un-mutated cases, according to the
methylation status (i.e., the medians are not significantly differ-
ent) and may only account for the prevalence of IgV , un-mutated
cases among those cases with lower methylation levels.

DNMT;s enzymes are thought to play an important role in the
physiological DNA methylation; however, their involvement in
cancer remains to be fully clarified.*® Notably, we observed signif-
icant changes only in' DNMT1 mRNA levels in CLLs when com-
pared with normal lymphocytes. However, we did not observe
significant correlation between the expression levels of any of the
three DNMT5 investigated and DNA hypomethylation. A corre-
lation was not even detectable between DNMTs expression level
and specific cytogenetic subgroups, including patients with 17p
deletion. Interestingly, it has been recently reported that increase
of DNMT1 expression in lung cancer is mediated by p53 defi-
ciency.?? Our data suggest that DNMT1 expression level is inde-
pendent of p53 deficiency in CLL tumors. Nevertheless, based on
the limited number of cases, this finding warrants confirmation
on larger series of patients.

The lack of correlation between DNMTs expression level
and DNA hypomethylation suggests that other mechanisms,
including interactions with specific chromatin components,
transcription factors, replication and repair machinery, may be
responsible for the observed genome-wide hypomethylation in
CLL.% In contrast, using quantitative RT-PCR other investiga-
tors have reported a normal DNMTT expression and significant
reduction of DNMT3b in CLLs when compared with normal
B cell.” These different results could be most likely due to the
limited number and the higher prevalence of advanced stages
characterizing the series of patients included in the previous
study. Additionally, we have investigated the absolute expression
levels of DNMTs probe sets in an independent, publicly available
CLL microarray database (GSE6691)* profiled on Affymetrix
GeneChip® HG-U133A arrays and including normal B cells.
Differently from our data, we did not find any significant dif-
ference in DNMT1 expression levels between normal donors and
CLL patients. However, the very limited number of CLL samples
(11 cases) included in the GSE6691 database could probably
affect the reproducibility of the analysis.
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Figure 3. Cox-derived estimated curves according to the SAT-a meth-
ylation levels. The curves show the proportional hazard ratio estimate
according to SAT-a methylation level below (n = 13, group A) or above
(n = 47, group B) the cut-off value (69.0%5mC).

Table 4. Multivariate Cox proportional hazards analysis of Sat-«
methylation level along with either CD38 or ZAP-70 expression or IgV,,
mutational status as predictors of TFS

HR (95% Cl) p
Sat-a methylation 4.6 [2.0-10.1] <0.0001
CD38 positive 1.6 [0.8-3.2] NS
Sat-a methylation 4.5[1.9-10.2] <0.0001
ZAP-70 positive 1.3[0.6-2.7] NS
Sat-a methylation 4.4 [2.0-9.9] <0.0001
IgV,, unmutated 1.6 [0.7-3.6] NS
Sat-a methylation 4.6 [1.9-11.1] 0.0006
17p13.1 deletion 1.3 [0.3-4.4] NS

HR, hazard ratio; Cl, confidence interval; NS, not significant.

In summary, our study extended previous limited evidence
of global hypomethylation of repetitive sequences in CLL dem-
onstrating a significant correlation with specific cytogenetic risk
groups, such as 17p deleted patients. In addition, it provided evi-
dence that the hypomethylation of specific repetitive sequences
may have clinical relevance in CLL and may be used as a novel
prognostic indicator of unfavorable disease progression. Further
studies on larger representative prospective series of CLLs are
needed to fully confirm the present findings.

Materials and Methods

Patient samples. Highly purified (>90%) peripheral mono-
nuclear CD19* cell populations from seven healthy donors
(four males; median age 58 years, range 42—-64) and 77 CLL
untreated patients in early stage disease (Binet stage A) were
included in this study. All the blood samples were collected
within one year after diagnosis. Patients belonged to a database
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from a collaborative Italian study.*” The inclusion criteria were
a diagnosis of typical CLL based on morphological and phe-
notypical analyses (i.e., the co-expression of CD19, CD5 and
CD 23 and weak Smlg, the monotypical expression of k or A
light chains by neoplastic cells). Forty-six patients were males and
31 were females; the mean and median age at diagnosis was 64
and 65 years, respectively (range 27-87). In accordance with our
institutional guidelines, all of the patients gave their informed
consent. No conventional cytogenetic (G-banding) analyses were
available. In order to reduce any selection bias as much as pos-
sible, patients were selected based on the distribution of cytoge-
netic lesions and IgV,, mutation status. Forty-two out of 77 CLL
patients and six out of seven healthy donors were previously pro-
filed with the GeneChip® Human Genome U133A (HG-U133A)
arrays and publicly available on the Gene Expression Omnibus
(GEO) website under accession number GSE16746.

Sample preparation, immunophenotype and prognos-
tic markers. Peripheral blood mononuclear cells from CLL
patients were isolated by Ficoll-Hypaque (Seromed, Biochrom
KG, Berlin, Germany) density-gradient centrifugation. If CLL
cells were less than 90%, T cells, NK cells and monocytes were
removed by CD3, CD56, CD16 and CD14 monoclonal antibody
(mADb) treatment (Becton Dickinson, & Co.) followed by mag-
netic beads (Goat Anti-Mouse IgG Dynabeads, Dynal Biotech
ASA, Oslo, Norway).4

The proportion of CD5/CD19/CD23 triple. positive B _cells
in the suspension was determined by direct immunofluorescence
performed using a FACS-sort flow cytometer (BD Biosciences,
San José, CA) with antibodies to: CD19 FITC/PE, CD23 PE
and CD5 Cy-Chrome (BD Biosciences). CD38-positive leukemic
cells were measured by triple staining with CD19 FITC, CD38
PE and CD5 Cy-Chrome (Becton Dickinson & Co., Sunnyvale,
CA). The cells were analyzed using a FACSCalibur flow cytom-
eter (Becton Dickinson & Co.) as previously described.” ZAP-70
was determined by flow-cytometry with a ZAP-70 FITC (clone
2F3.2, Upstate, Lake Placid, NY) or an isotype control mAb
(mouse IgG2a FITC Becton Dickinson).* A 30% cutoff was
used for both CD38 and ZAP-70 expression. IgV , gene usage
and mutational status was determined as previously described
and cutoff of 2% was used to distinguish mutated and un-
mutated patients.

Interphase fluorescence in situ hybridization (I-FISH).
The 77 CLL patients were investigated by I-FISH for the most
common genomic aberrations described in CLL, including
trisomy 12 and chromosome deletion at 17pl13.1, 11q22.3
and 13ql14.3 loci. The FISH procedure and specific probes
for chromosome aberrations detection have been previously
described.!

DNA extraction and bisulfite treatment of the DNA. DNA
was extracted by a commercial kit (Promega, Madison, WI).
One microgram DNA (concentration 50 ng/pl) was treated
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using EZ DNA Methylation-Gold™ Kit (Zymo Research,
Orange, CA) according to the manufacturer’s protocol. Final
elution was performed with 30 !l of M-Elution Buffer. Bisulfite-
treated DNA was stored at -20°C for no more than one week and
used shortly after treatment.

Bisulfite polymerase chain reaction and pyrosequencing.
Analysis of DNA methylation in Alu, LINE-1 and SAT-a repet-
itive element was performed by using Pyrosequencing and bisul-
fite-polymerase chain reaction (PCR)."*34%2 In brief, the samples
were bisulfite-treated and PCR-amplified. Pyrosequencing was
performed using the PyroMark MD Pyrosequencing System
(Pyrosequencing, Inc., Uppsala, Sweden). Methylation quan-
tification was performed using the provided software. The
degree of methylation was expressed as %5-methylated cyto-
sines (%5mC) over the sum of methylated and unmethylated
cytosines. All assays were run in duplicate to measure inter-run
variability and reduce measurement error. The average of the
three triplicates was used in the statistical analysis. Analytical
variability [coefficient of variation (CV) calculated in duplicate
runs] was 0.7% for the LINE-1, 1.6% for the Alu and 0.1% for
the SAT-a.

Statistical analysis. All data were statistically analyzed using
conventional procedures in R (www.r-project.org) and SPSS sta-
tistical package for Windows, release 15.0, 2006 software (SPSS
UK, Working, Surrey, UK). Kendall’s 7 correlation was used to
assess associations among different DNA methylation variables.
To test for differences among two distributions Wilcoxon Rank
Sum Test was used and Kruskal-Wallis test if more than two
groups of patients were compared. The prognostic impact of the
biological and molecular variables was investigated by Cox pro-
portional hazard models. The regression was evaluated in terms
of Hazard Ratio (HR) with a cutoff for significance of p value
<0.05. A custom R procedure was used to identify cut-off values
for ALU, LINE or SAT-a methylation which maximized the HR
of undergoing treatment, applying a Holm-Bonferroni correction
for multiple testing comparisons.
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