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Abstract
Early stages in the development of chronic lymphocytic leukemia (CLL) have not been explored
mainly due to the inability to study normal B-cells in route to transformation. In order to determine
such early events of leukemogenesis, we have used a well established mouse model for CLL. Over-
expression of human TCL1, a known CLL oncogene, in murine B-cells leads to the development of
mature CD19+/CD5+/IgM+ clonal leukemia with a similar disease phenotype seen in human CLL.
Herein, we review our recent study using this TCL1 murine model for CLL and corresponding human
CLL samples in a cross-species epigenomics approach to address the timing and relevance of
epigenetic events occurring during leukemogenesis. We were able to demonstrate that the mouse
model recapitulates epigenetic events very similar to what has been reported for human CLL and
thus provides an exciting new tool to study early epigenetic events. Epigenetic alterations are seen
at a time of three month after birth, much earlier than the phenotypically visible disease which occurs
around 11 month of age. An early event in gene silencing is the inactivation of transcription factor
Foxd3 expression through an NF-κB mediated process in animals with one month of age.
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Introduction
CLL is characterized by several genetic abnormalities and laboratory features predictive of
rapid disease progression and shortened survival 1, 2. CLL progression from early stage CLL
to refractory disease is commonly associated with clonal evolution, as defined by multiple
genetic abnormalities 3, 4. While long-term longitudinal follow-up of CLL patients is part of
many studies, no study has effectively identified early initiating features in CLL. Identification
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of one or more initiating events that occur prior to development of multiple genetic
abnormalities could provide insight into the etiology of CLL and also establish the rationale
for pharmacologic targeting to prevent the development or progression of the disease.

Epigenetic alterations human CLL
Epigenetic alterations in cancer genomes have been recognized as major contributors to the
malignant phenotype in several types of cancer. Epigenetic alterations do not change the DNA
sequences and are transmitted to daughter cells. Two main epigenetic alterations, DNA
methylation and modifications of chromatin proteins, have been described. These epigenetic
alterations are interrelated and it is thought that they cooperate in the silencing of genes through
the change in chromatin conformation [for a review see Ref. 5]. The role of aberrant DNA
methylation in CLL is not clear 6. In a global screen for CpG island methylation
hypermethylation was found in CLL patients with a mean number of 4.8% CpG islands affected
7. These genes include novel tumor suppressor genes, such as DAPK1, SFRP1, ID4 and genes
involved in apoptosis 8–11. Additionally, cell cycle regulators CDKN2A, CDKN2B12–14 as well
as prognostic markers ZAP70, TWIST2 have been found methylated in CLL patients15, 16.

Early epigenetic events in the progression to CLL in a mouse model
The question emerging now is: what is the relevance of these gene silencing events for the
leukemic process? Are these all required events in order for the transformation into a malignant
clone or are many of the events secondary events accumulating during leukemogenesis? We
have chosen to determine early events in this process under the assumption that those should
represent required epigenetic changes. Due to the lack of defined early pre-leukemic stages of
human CLL and given the similarity of the Eµ-TCL1 transgenic model of CLL to human CLL
17, 18, we decided to perform a comprehensive epigenetic study with TCL1 mice at the period
of polyclonal/oligoclonal expansion of premalignant CLL transformation to seek the potential
targets for early therapy. In these mice, initial expansion of non-clonal B lymphocytes occurs
at approximately three months and is followed by progression to a mature B-cell leukemia at
9–11 months, with immuno-phenotypic and clinical characteristics of human CLL.

We have now performed a genome-wide scan for aberrant CpG island methylation in B-cells
collected at multiple time points towards the progression to CLL and found aberrant DNA
methylation in cells harvested at three month after birth at a time where no disease phenotype
was visible. DNA methylation levels increased from 0.4%, 0.6%, 1.2%, and 1.9% (3, 5, 7 and
9 months respectively) to 3.9% in Eµ-TCL1 mice with advanced CLL 19. Most interesting
epigenetic target genes were comparable to those in human CLL. We tested ten of the early
targets identified in the mouse model and found nine of them methylated and silenced in human
CLL. The similarity of this murine CLL model and human CLL methylation patterns therefore
provides further justification for using this system.

In addition to hypermethylation, previous tumor studies reported an overall decrease in 5-
methylcytosine levels arising from hypomethylation of normally methylated repetitive
elements might also contribute to tumorigenesis. Thus we analyzed whether global
hypomethylation is occurring in the CLL cells of Eµ-TCL1 mice. The proviral sequences
related to the intracisternal A particle (IAP) and centromeric repeat sequences were used as
the probe for methylation analysis on the repetitive sequences by Southern blot. After the
comparison of Hpall (methylation sensitive) and MspI (methylation insensitive) digests of
DNA, we found that IAP (Figure 1A, top) and centromeric repeat sequences (Figure 1A,
middle) were heavily methylated in 4 and 11 month old wild type C3H/B6 mice; but
hypomethylated in Eµ-TCL1 mice from 7 and 9 month old as well as CLL mice. Moreover,
hypomethylation of LINE1 repeat elements is also increased in comparing of primary untreated
and relapsed CLL patients (Figure 1A, bottom).
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The elevated methylation in CLL is favored by the de novo DNA methyl-
transferases

DNA methylation is mediated by transferring a methyl group from methyl donor S-adenosine
methionine, to position 5 of the cytosine ring in the DNA. This reaction is catalyzed by DNA
methyltransferases (DNMT)20. De novo methyltransferases (i.e. DNMT3A, 3B and 3L)
establish the initial DNA methylation pattern within the genetic sequence 21, whereas the
maintenance enzyme (DNMT1) maintains the methylation pattern during DNA replication
22. In our mice we have observed the lack of initiating DNA methyltransferases (DNMT3A
and DNMT3B) in the genesis of transformation but increasing protein levels of DNMT3A and
3B in later stages. In contrast to protein expression, no significant changes were noted in the
mRNA expression levels of these enzymes in CD19+ splenocytes from Eµ-TCL1 at any stage.
These data suggests a posttranscriptional regulation of DNMT3A/3B possibly due to
microRNAs, similar to recent findings in lung cancer, where one of the targets of miR29s is
de novo DNA methyltransferase, DNMT3A and 3B 23. Indeed, diminished expression of
miR29B and miR29C but not miR29A was noted in TCL1 mice at 5 and 7 months (Figure 2),
corresponding to the increased DNMT3A and DNMT3B protein expression in line with the
assumption of a direct regulation by the low-expressed miR29s in CLL B-cells 24. The increase
in DNMT3A and 3B may be one of the factors needed for the increase in CpG island
hypermethylation described above.

Silencing of Foxd3 a key event in progression to CLL
The fact that accumulated epigenetic alteration in CpG islands start from a small number of
changes renders a thought of finding the initiating factor. For this purpose, we have searched
the conserved domain that's specifically located within methylated promoters 19. Surprisingly,
the results show that 70% methylated genes in Eµ-TCL1 mice are the putative targets of
transcription activator FOXD3, a gene that was found methylated in TCL1 mouse B-cells prior
to the transformation. FOXD3 is a member of fork head-box (FOX) family transcription factors
characterized by a 100 amino acid monomeric DNA binding domain, which is highly conserved
among all FOX proteins for nuclear localization and transcriptional regulation 25–27. FOXD3
plays a crucial role in gene regulation and is involved in a tight regulatory feedback loop with
OCT4 and NANOG. The interaction and balanced expressions in this negative feedback loop
formed by FOXD3, OCT4 and NANOG have been found essential in maintaining the
multipotent properties of stem cells 28–31. In B lymphocytes, FOXD3 promoter activity was
found negatively regulated by TCL1 in the CLL WAC3CD5 cell line (Figure 3A). Silenced
FOXD3 were also noted in CLL samples with high TCL1 expression (Figure 3B).

We then tried to unravel the mechanisms of gene deregulation involving transcription factor
Foxd3. For the first time we were able to identify very early events in transformation by
demonstrating TCL1 mediated transcriptional silencing of Foxd3 through a novel NF-κB p50/
p50, Histone deacetylase 1 (HDAC1) co-repressor complex. The evidences suggest that
silencing of transcription factors such as Foxd3 at early time point may be responsible for early
transcriptional and later epigenetic silencing of multiple genes in the transformation of murine
CLL 19.

Pre-leukemic stages in human CLL
Recent studies identified small B-cell clones using a six-colour flow cytometry with antibodies
against CD45, CD19, CD5, CD10, kappa and lambda light chains in addition to
immunoglobulin heavy chain gene rearrangement in healthy individuals with no signs of a
lymphoproliferative disorder. The number of monoclonal B-cells in these conditions are below
5000 per cubic millimeter 32. This condition was termed monoclonal B-cell lymphocytosis,
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or MBL, and has now been shown to be a precursor for CLL. The frequency of MBL ranges
from 3–5% in the general population. Interestingly, the majority of CLL patients (44 out of 45
individuals studied by Landgren et al.) showed this phenotype 33. The study samples were
collected up to 77 months before the diagnosis of CLL thus arguing that MBL is a precursor
stage of CLL. In the future it might be possible to utilize these samples for the discovery of
early events in the progression to CLL. However due to the small number of individuals
presenting with MBL (1% of the population) and the infrequent progression to CLL the mouse
model presents a more robust study system at this time.
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Figure 1. Elevated global hypomethylation of repetitive sequences in CLL
Hypomethylation profiles on mouse and human CLL samples from different stages were
studied by Southern blotting as previous described34. Genomic DNAs of spleen cells from wild
type and Eµ-TCL1 mice at indicated time points, or Eµ-TCL1 mice with symptomatic disease
(n=5), were digested with MspI (M) or HpaII (H) restriction enzymes. The blots were
hybridized with intracisternal A particle probe (IAP) (Top) or centromeric repeat sequences
(CMR) (Middle). For CLL patient samples, the analysis was done using human LINE1 probes
on the peripheral blood B cells from patients required no treatment (early CLL) or that
underwent treatment (advanced CLL) (Bottom). MspI digested DNA was used as control.
Undigested product of HpaII digestion represents methylated DNA, while only unmethylated
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DNA is HpaII digestible. Mouse IAP, CMS and human LINE1 probes were prepared by PCR
amplification using forward (F) and reverse (R) primers: IAP-F:
5’CGTCATTGTTCAGAGCCAGA3’, IAP-R: 5’TCCCGGAAACTTTTGTTCAC3’; CMS-
F: 5’GATAAAAACCTACACTGTAG3’, CMS-R: 5’GTTTCTAATTGTAACTCATTG3’;
LINE1-F: CGGGTGATTTCTGCATTTCC and LINE1-R:
GACATTTAAGTCTGCAGAGG.
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Figure 2. Decreased miR29s and increased DNMTs in Eµ-TCL1 mice
Expression of miR29s by TaqMan PCR was done on TCL1 mouse spleen B cells. Each bar
represents the average results from three mice at the indicated age. Results were normalized
by the data obtained from untransformed B cells from 1 month old mice. Standard deviation
was calculated by using mean ± SEM of respective data. Two tail unequal variant student T
test was applied, star represents significant results with P value less than 0.05.
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Figure 3. Negative regulated FOXD3 by TCL1 in CLL cells
(a) Luciferase assay was done on WAC3CD5 cell line transfected with 1µg pCMV-TCL1 (gray
bar) or control vector (black bar). The diagram shows human FOXD3 5’ promoter region cloned
into pGL3 vector for the analysis. Results from each cell line transfected with pGL3-basic
vector (NC) were set as 1. Each bar represents the average result from the triplicate experiments
using mean ± SEM of respective data. (b) FOXD3 and TCL1 expression were analyzed in two
normal B cell samples and 6 CLL B cell samples from patients with different diagnosis. The
error bars using mean ± SEM of respective data of triplicate experiments.
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