
Krüppel-like factor 4 (KLF4) inactivation in chronic
lymphocytic leukemia correlates with promoter 
DNA-methylation and can be reversed by inhibition of
NOTCH signaling

The pathomechanism of chronic lymphocytic leukemia
(CLL) is an interplay of genomic and epigenomic aberra-
tions. Next generation sequencing (NGS) identified muta-
tions in CLL that impact on tumor suppressor and onco-
genes like NOTCH1.1 In addition, CLL cells harbor
genome-wide aberrant DNA-methylation.2Of interest, in
CLL, DNA-methylation of single CpGs overall correlated

only weakly with gene expression. However, no detailed
analysis of DNA-methylation on single gene level was
performed that would also take larger regions into
account.3 In our study, therefore, we profiled gene expres-
sion and promoter DNA-methylation in CD19+ cells from
15 CLL patients and B cells from 9 healthy probands
(Online Supplementary Table S1) to reveal the impact of
aberrant DNA-methylation on transcription. With this
approach, we identified the Krüppel-like factor 4 (KLF4)
as hypermethylated and down-regulated in CLL. Of note,
inhibition of NOTCH signaling induced KLF4 expression.
Moreover, overexpression of KLF4 in cell lines modulated
components of the B-cell receptor (BCR) signaling path-
way.
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Figure 1. A subset of genes is deregulated by promoter DNA-methylation in chronic lymphocytic leukemia (CLL). (A) Analysis of gene
expression and DNA-methylation profiling (MCIp-array) of CD19+ B cells of 9 healthy donors (H) and 15 CLL patient samples. Overall corre-
lation between promoter DNA-methylation and gene expression is depicted. Median log2FC values of CLL versus H for all differentially methy-
lated 500 bp windows (P≤0.05) and the respective differential expression oligonucleotides (P≤0.05) are shown. Red lines indicate cut offs
for expression and methylation for further analysis which were |log2FC| > 1 and >0.5, respectively. Genes of interest were identified from
top left quadrant (low DNA-methylation and high expression) and bottom right quadrant (high DNA-methylation and low expression). (B)
Correlation between DNA methylation and respective gene expression identified 33 genes as potentially deregulated by DNA-methylation.
Heatmap in yellow and blue shows DNA-methylation values as log2FC of all samples present on both, expression- and MCIp arrays (H n=6,
CLL n=13). Blue indicates low relative methylation, yellow high methylation. Heatmap in green and red displays expression values for same
patients with green indicating low and red high expression of the listed genes. All genes showed significant negative correlation (Pearson
correlation) between DNA-methylation and gene expression with correlation coefficient -0.79 ≤ r ≤ -0.47 (indicated by gray bars) and P≤0.21.
(C) DNA-methylation analysis was performed with MassARRAY in addition to MCIp in 33 candidate genes to identify genes where both com-
plementary methods show aberrant DNA-methylation. Seventeen of these genes showed aberrant DNA-methylation in at least one CpG unit
(CGU; shown in rows) in the promoter (Mann-Whitney U test P≤0.05). Absolute methylation values ranging from 0% to 100% of significantly
aberrant CpG units are illustrated in the heat map. Blue color indicates low, yellow high DNA-methylation levels. Positions of MassARRAY
amplicons (MA) are indicated in (D). (D) Scheme illustrating the positions of all MassARRAY (MA; red bars) and qRT-PCR (blue bars) ampli-
cons measured for LILRA4 (upper panel) and KLF4 (lower panel). Differentially methylated regions (DMR), identified in the MCIp-array analy-
sis, are marked with green bars. For KLF4 and LILRA4, one amplicon each (MA1) was selected that covers the respective DMR. Two addi-
tional amplicons MA2 and MA3 were selected for LILRA4 to represent DMRs previously identified.3 Exons are represented by black boxes,
untranslated regions (UTR) by white boxes and the transcription start sites (TSS) are indicated by an arrow. 
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To identify genes potentially deregulated by promoter
DNA-methylation we profiled gene expression and ana-
lyzed promoter DNA-methylation using methyl-CpG-
immunoprecipitation (MCIp) onto specific custom pro-
moter tiling-arrays that covered -3.8 to +1.8 kb from the
transcription start sites (TSS) of all human genes. A total
of 1866 genes were differentially expressed in CLL com-
pared to controls (|log2FC|≥1, P≤0.05) and involved genes
previously shown to be deregulated or involved in the
pathomechanism of CLL (Online Supplementary Figure 1A).
Overall, DNA-methylation displayed a broader distribu-
tion in CLL compared to normal B cells, which reflects a
greater heterogeneity within the patient samples (Online
Supplementary Figure 1B), in line with previous results.4

Furthermore, DNA-methylation analysis revealed 2191
gene promoters that showed at least one differentially
methylated region (DMR) of at least 500bp with a medi-
an |log2FC|≥0.5 (P≤0.05) between CLL and normal B cells.
Of these DMRs, 1472  were hypomethylated in CLL and
only 719 hypermethylated (Figure 1A). Combining
methylation data and expression data, we identified 33

genes to be potentially transcriptionally deregulated by
DNA-methylation in CLL with at least one oligonu-
cleotide within the DMR showing a significant negative
correlation with gene expression  (r≤-0.47 and P≤0.021)
(Figure 1B).
Out of the 33 genes identified, 17 also displayed aber-

rant DNA-methylation in the samples using highly quan-
titative mass spectrometry-based MassARRAY (Online
Supplementary Figure 2A).5 Of these genes, the leukocyte
immunoglobulin-like receptor subfamily A member 4
(LILRA4) and the Krüppel-like factor 4 (KLF4) were
shown to have an impact on ITAM-mediated (immunore-
ceptor tyrosine-based activation motif) signaling and B-
cell activation or B-cell differentiation and may hence
play a role in the pathogenesis of CLL (Figure 1D).
Furthermore, KLF4 is important for maintaining quies-
cence of hematopoietic cells, acts as regulator of B-cell
numbers and activation-induced B-cell proliferation.6-8

Significant transcriptional upregulation of LILRA4 and
downregulation of KLF4was confirmed in a larger cohort
of CD19+ B cells from patients (n≤56) and healthy donors
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Figure 2. Aberrant DNA-methylation of KLF4 and LILRA4 promoters correlates with their gene expression levels. Expression and methyla-
tion of KLF4 and LILRA4 was measured in CD19+ B cells of up to 23 healthy donors and 55 chronic lymphocytic leukemia (CLL) samples.
Expression was quantified with qRT-PCR and given values normalized to two housekeeper genes (HPRT and PGK). DNA-methylation was
determined with MassARRAY for one intragenic KLF4 amplicon (MA amplicon 1) and 3 amplicons in the LILRA4 promoter region (MA ampli-
con 1-3).  (A) Differential expression of LILRA4 and KLF4 between CLL and healthy donor B cells was confirmed using qRT-PCR in a larger
sample cohort (≥73). KLF4 is significantly down-regulated in CLL cells, LILRA4 significantly up-regulated. (B) MassARRAY measurements of
KLF4 MA1 confirmed hypermethylation in CLL in 5 out of 10 CpG units (CGUs) that were analyzed. (C) For KLF4 mean methylation values
over all CGUs per amplicon show significant negative correlation with gene expression (Spearman rank correlation). (D) LILRA4 MA1, MA2
and MA3 show hypomethylation in all CGUs analyzed in CLL cells. This suggests a larger functional DMR region within the LILRA4 promoter.
(E) For LILRA4, mean methylation values over all CGUs per amplicon show significant negative correlation with gene expression (Spearman
rank correlation). Mann-Whitney U test was used to test for significance. P-values are indicated by asterisk: *P≤0.05, **P≤0.01,
***P≤0.001. ns: non-significant; n: sample size; r: Spearman rank correlation coefficient; HK: housekeeper; MA: MassARRAY; H: healthy
donor. Horizontal lines represent mean.
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(n≤23) (Figure 2A). Similarly, aberrant DNA-methylation
of KLF4 and LILRA4 was validated (Figure 2B and D) and
correlated significantly with gene expression (Figure 2C
and E). As a tumor suppressor, KLF4 is silenced by pro-
moter methylation also in other B-cell malignancies.9

However, differential methylation could be detected in
CLL only in the gene body of KLF4 and not in the
upstream sequences reported previously (Figure 1D).
Furthermore, the DMR in the KLF4 promoter region

identified in our screen could not be detected in recent
DNA-methylation analyses of CLL as the 450K arrays
used previously do not include this region.3 Analysis of
KLF4 promoter DNA-methylation in randomly selected,
representative CLL samples from 4 different clinical trials
conducted by the German CLL study group (GCLLSG),
indicates that KLF4 promoter methylation is an event
that occurs at or before Binet stage A and is not influ-
enced by the clinical course (Online Supplementary Figure
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Figure 3. KLF4 is induced by inhibition of NOTCH and modulates BCR signaling components. (A and B) Cell lines MEC1, MEC2, GRANTA-
519, JeKo-1, LCL-FM, LCL-MM and PBMCs of 8 chronic lymphocytic leukemia (CLL) patients (CD19+ cells ≥91.6%) were treated with 2.5 mM
and 5 mM γ-Secretase inhibitor (GSI-I) or 0.002% DMSO (“-“) as carrier control for 24 h. Three independent experiments were conducted per
cell line. (A) Western blot detecting NOTCH1 and KLF4 in cell line samples (left panel) and CLL patient samples (right panel) after 24 h GSI-
I treatment. Exemplary blots for one experiment each per cell line and 2 chronic lymphocytic lymphoma (CLL) patients are shown. GAPDH
was used as loading control. Treatment with GSI-I shows inhibition of NOTCH1 activation by reduced presence of NP and NICD and increased
expression of KLF4. NP: NOTCH1 full-length protein; N-TM: NOTCH1 transmembrane protein; NICD: NOTCH1 intracellular domain. (B) qRT-
PCR measurement of KLF4 expression in cell lines (left) and primary CLL samples (right) is shown. Represented is the relative gene expres-
sion normalized to 2 housekeeper genes and untreated cells. KLF4 expression is induced in CLL patient samples and to some degree in
cell lines (paired t-test). Error bars represent standard deviation, P-values are indicated by asterisk: *P≤0.05, **P≤0.01, ***P≤0.001. ns:
non-significant; NA: not available (only 2 out of 3 experiments could be analyzed). (C) Overexpression of KLF4 in MEC1, MEC2 and JeKo-1
cells compared to empty vector control (EV) 3 h, 10 h and 24 h after nucleofection. Expression profiling was conducted with samples from
3 h and 10 h after transfection. Scatter plots of gene expression values (log2 values of signal intensities) for empty vector control (y-axis)
and KLF4 overexpression (x-axis) are displayed for all 3 cell lines. Plots show changes in gene expression patterns after 10 h in all 3 cell
lines. (D) Pathway analysis of top deregulated genes (|log2FC|≥0.38) in MEC1 (dark blue bars) and MEC2 (light blue) 10 h after nucleofec-
tion. The combination of the 7 top deregulated canonical pathways for MEC1 and MEC2 is shown. Cut off for significance was P≤0.01 (red
line).
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S2).
Also the fact that the aberrant DNA-methylation was

found within the gene body rather than upstream of the
TSS suggests a more complex mechanism that could
include alternative TSS or an enhancer region. The signif-
icant correlation of KLF4 expression with its downstream
targets (Online Supplementary Figure S3) supports the
assumption that the downregulation of KLF4 impacts on
the transcriptome of CLL cells. Hence, to understand the
functional mechanisms of KLF4 deregulation, we charac-
terized the potential KLF4 downstream target genes and
found that NOTCH1 is a possible up-stream effector.
It was shown that the activity of KLF4 can either be

transcriptionally induced or blocked by NOTCH1 in dif-
ferent malignant tissues.10,11 As NOTCH1 is constitutively
activated and frequently mutated in CLL,1 we investigat-
ed their functional relationship. Despite the upregulation
of NOTCH1 in CLL cells (P≤0.01), we did not detect a
correlation of NOTCH1 and KLF4 mRNAs in our sample
cohort (Online Supplementary Figure S4A). To investigate
whether NOTCH1 activity, but not expression, correlat-
ed with KLF4 induction, we inhibited NOTCH signaling
with γ-Secretase-inhibitor (GSI-I). Upon inhibition of 
γ-Secretase, cleavage of the NOTCH1 intra-cellular
domain (NICD) does not take place and NOTCH1 signal-
ing is abrogated.12 

Six different leukemia and lymphoblastoid (LCL) cell
lines as well as frozen peripheral blood mononuclear cells
(PBMCs) from 8 CLL patients were treated with GSI-I or
DMSO as solvent control.12 Treatment with GSI-I result-
ed in reduction of full-length NOTCH1 protein (NP) and
the NICD domain (Figure 3A) as well as a dose-depen-
dent reduction in viability in cell lines and patient sam-
ples after 24 h (Online Supplementary Figure 4B). Patient
samples showed strong inhibition of NOTCH1 upon
GSI-I treatment with almost no NICD left. The reduction
of NP, which was also reported by others,12 could be the
result of a feedback mechanism on transcriptional level
for example via the activation of KLF4, which was shown
to inhibit NOTCH1 transcription.13 

Importantly, after GSI-I treatment, we detected a sig-
nificant upregulation of KLF4 mRNA and protein levels
in primary CLL samples, and to a lesser extent also in cell
lines (Figure 3A and B). This indicates an impact of
NOTCH1 signaling on KLF4 expression in CLL. As DNA-
demethylation is usually linked to DNA-replication or
DNA-repair mechanisms, it is likely that regulation of
KLF4 by NOTCH1 occurs via an independent mechanism
in addition to DNA-methylation. Yet, as inhibition of γ-
Secretase does not only target NOTCH1, but also addi-
tional pathways, the exact mechanism will need further
clarification. 
To investigate what downstream targets are affected

by KLF4 deregulation, we performed expression profiling
of the CLL cell lines MEC1, MEC2 and the mantle cell
lymphoma (MCL) cell line JeKo-1 after transient overex-
pression of KLF4. Despite visible overexpression of KLF4
after 3 h (Online Supplementary Figure S5A), no significant
changes were detected in the majority of genes at this
time point. In contrast, changes in expression profiles of
MEC1, MEC2, and to a lesser degree in JeKo-1, were
detectable after 10 h (Figure 3C).
In order to identify which pathways are affected by

KLF4, we analyzed genes that were deregulated 10 h
after transfection with a cut off of |log2FC≥0.38| that
included a higher number of genes [n(MEC1)=1218,
n(MEC2)=1245, n(JeKo-1)=705] (Online Supplementary
Table S2). We aimed to identify relevant pathways that
are affected by deregulation of a larger number of genes,

albeit at low levels on single gene level. In MEC1 and
MEC2 cells, KLF4 targeted genes were involved in
hematopoiesis, hematologic diseases and system devel-
opment (Online Supplementary Table S3). Furthermore,
pathways deregulated both in MEC1 and MEC2 were
BCR signaling, genes involved in leukocyte extravasation,
iNOS-(nitric oxide synthase) and PI3K-signaling, which
are important for almost all B-cell stages (Figure 3D and
Online Supplementary Tables S3 and S4). Hence, KLF4
deregulation likely increases the activation state of CLL
cells, which is beneficial for survival, proliferation and
homeostasis.14 Of the genes involved in BCR signaling, a
significant proportion became deregulated after KFL4
overexpression (in MEC1 25 of 67; P=4.34e-06) (Online
Supplementary Figure 5B), suggesting an impact of KLF4
inactivation on the BCR-signaling pathway that is central
to the pathomechanism of CLL. While KLF4 might not
directly bind to promoters of affected genes, the modula-
tion of BCR signaling components by KLF4 is of interest
in CLL, be it direct primary or secondary effects.
Of note, upon KLF4 overexpression, the expression of

NOTCH1 was induced in MEC1 and MEC2
(log2FC=1.08/1.25) and to some degree in JeKo-1
(log2C=0.31), suggesting a regulatory feedback interac-
tion of these two genes (Online Supplementary Table S1).
In summary, we screened all human promoters for

aberrant DNA-methylation in CLL patients in compari-
son to CD19+ B cells of healthy donors. We identified a
subset of 17 genes whose aberrant promoter DNA-
methylation in CLL cells correlates significantly with
gene expression levels, including LILRA4 and KLF4. As
DNA-methylation is a stable long-term marker for gene
expression, we focused on the upstream and down-
stream mechanisms of KLF4 deregulation. Subsequent
functional analyses, including inhibition of 
γ-Secretase, uncovered NOTCH1 as a potential repressor
of KLF4 in leukemia and lymphoblastoid cell lines, as
well as in primary CLL cells. Pathway analysis showed
that genes deregulated after KLF4 overexpression in
MEC1 and MEC2 are involved in iNOS-, BCR- and PI3K-
signaling. CLL cells are known to be dependent on BCR
signaling, especially in the lymph node microenviron-
ment, where stimulation of the BCR is thought to induce
tumor proliferation.15 Furthermore, upon B-cell activa-
tion, KLF4 was shown to be down-regulated.7 The
repression of KLF4 in CLL might, therefore, support the
highly activated state of the CLL cells and exert a sup-
portive effect on the survival and expansion of the cells.14
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