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Abstract

Background There has been a notable increase in interest in the transcriptional regulator Kaiso, which has been
linked to the regulation of clonal hematopoiesis, myelodysplastic syndrome, and tumorigenesis. Nevertheless, there
are no consistent data on the binding sites of Kaiso in vivo in the genome. Previous ChiP-seq analyses for Kaiso
contradicted the accumulated data of Kaiso binding sites obtained in vitro. Here, we studied this discrepancy by char-
acterizing the distribution profile of Kaiso binding sites in Caki-1 cells using Kaiso-deficient cells as a negative control,
and compared its pattern on chromatin with that in lymphoblastoid cell lines.

Results We employed Caki-1 kidney carcinoma cells and their derivative, which lacks the Kaiso gene, as a model sys-
tem to identify the genomic targets of Kaiso. The principal binding motifs for Kaiso are CGCG and CTGCNAT, with 60%
of all binding sites containing both sequences. The significance of methyl-DNA binding activity was confirmed
through examination of the genomic distribution of the E535A mutant variant of Kaiso, which cannot bind methyl-
ated DNA in vitro but is able to interact with CTGCNA sequences. Our findings indicate that Kaiso is present at CpG
islands with a preference for methylated ones. We identified Kaiso target genes whose methylation and transcription
are dependent on its expression. Furthermore, Kaiso binding sites are enriched at CpG islands, with partial methyla-
tion at the 5'and/or 3'boundaries. We discovered CpG islands exhibiting wave-like methylation patterns, with Kaiso
detected in the majority of these areas. Similar data were obtained in other cell lines.

Conclusion The present study delineates the genomic distribution of Kaiso in cancer cells, confirming its role

as a factor with a complex mode of DNA binding and a strong association with CpG islands, particularly with meth-
ylated and eroded CpG islands, revealing a new potential Kaiso target gene—SQSTM1, involved in differentiation

of acute myeloid leukemia cells. Furthermore, we discovered the existence of a new class of CpG islands characterized
by wave-like DNA methylation.
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Introduction

DNA methylation and histone modifications are crucial
regulatory mechanisms influencing gene transcription,
X inactivation, imprinting, and chromatin architecture
formation. Methylation of promoters is associated with
transcriptional repression, especially in promoters con-
taining CpG islands. The methylation status of CpG-
poor promoters does not always indicate the active or
repressed state of a gene; however, it establishes a specific
profile enabling various transcription factors to regulate
gene transcription [1, 2]. The same is true for regions
adjacent to CpG islands shores and shelves, where meth-
ylation dynamics play a role in regulating tissue-specific
gene expression and interactions between promoters and
enhancers [3-6]. In recent years, a multitude of factors
that interact with methylated DNA, often in conjunc-
tion with their primary consensus sequences, have been
discovered. Many of these factors serve as transcrip-
tional activators, with some also capable of influencing
DNA methylation levels by recruiting dioxygenases or
DNA methyltransferases [7-10]. These factors repre-
sent a novel class of transcriptional regulators that offer
precise control over gene expression. Kaiso (ZBTB33)
is a notable example of such a factor. It is a member of
the BTB/POZ family and recognizes methylated DNA
through zinc fingers located at the C-terminus. Hydrox-
ymethylation inhibits the binding of Kaiso to DNA [11,
12]. Kaiso contains the BTB/POZ domain at the N-ter-
minus, which interacts with the corepressors NcoR and
SMRT, attracting histone deacetylases and leading to
transcriptional repression [13—15]. Furthermore, Kaiso
functions as a transcriptional activator [16, 17]. Nota-
bly, Kaiso also interacts with a specific DNA sequence
known as the Kaiso binding site (KBS), which has the
consensus sequence CTGCNA. Kaiso forms a complex
with DNMT3a/3b and regulates the methylation of the
ICR at the H19/IGF2 locus in human cells, as well as the
promoter of Oct4 in MEFs [18, 19]. Like other methyl-
DNA binding proteins, the knockout of Kaiso resulted in
behavioral abnormalities in mice [20]. Additionally, Kaiso
has been implicated in the development of inflammatory
processes in the colon and in cellular oncogenesis and
may be involved in clonal hematopoiesis [21-23]. There
is currently limited knowledge about the role of Kaiso
in kidney cancer. Kaiso has been identified as one of the
most significantly activated transcription factors during a
specific stage of oncotransformation in kidney cells [24].
Furthermore, Kaiso has been recognized as a protective
factor for patients diagnosed with renal clear cell carci-
noma [25]. Reports that determine Kaiso binding sites
in vivo are clearly controversial. This is in part due to
the quality of the Kaiso-specific antibodies. The recruit-
ment of Kaiso to methylated DNA or KBS regulates
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several target genes [26, 27]. Previous ChIP-seq analyses
of Kaiso contradicted the accumulated data concern-
ing Kaiso binding sites obtained in vitro [28]. It revealed
that the majority of Kaiso binding sites are located in
the promoters of active genes that contain unmethyl-
ated CpG islands and are not enriched by KBS [28]. The
antibodies used for ChIP-seq by Blatter et al. targeted
the N-terminal region of the protein, encompassing the
BTB/POZ domain shared by various BTB/POZ-contain-
ing proteins. To address this discrepancy, we conducted
ChIP-seq analysis using antibodies specific to a peptide
in the linker region. We characterized the Kaiso binding
site profile in the human clear cell renal cell carcinoma
Caki-1 cell line. Previously obtained Caki-1 cells with a
frameshift mutation in the Kaiso coding sequence were
employed in the ChIP-seq experiment as a control [8].
This methodology enables the exclusion of any nonspe-
cific binding sites that might arise from antibody limita-
tions. Furthermore, we determined Kaiso binding sites at
the genome-wide level and elucidated alterations in their
methylation patterns upon Kaiso removal. We have also
demonstrated that the E535A point mutation in Kaiso’s
zinc finger domain allows us to selectively disrupt its
interaction with methylated DNA while retaining its abil-
ity to bind to KBS in vitro [29, 30]. This approach facili-
tated the exploration of the relative importance of the
DNA-binding functions of Kaiso within the cellular con-
text. To integrate the findings from our study, we under-
took a comprehensive analysis of the available ChIP-seq
experiments from the ENCODE database, specifically
targeting breast cancer cell line and two lymphoblas-
toid cell lines. The results of this study provide valuable
insights into the functional implications of the interac-
tion of Kaiso with methylated DNA and KBS in the con-
text of cellular processes.

Materials and methods

Cell lines

The following cell lines were used: the human clear cell
renal carcinoma cell line Caki-1 (ATCC Caki-1-HTB-46),
previously obtained Kaiso-deficient Caki-1 cells, the
human embryonic kidney cell line HEK293, and pre-
viously obtained Kaiso-deficient HEK293 cells [8, 17].
All cell lines were grown in Dulbecco’s modified Eagle’s
medium (ThermoFisher Scientific) supplemented with
10% fetal bovine serum, 1% penicillin/streptomycin, and
2 mM L-glutamine.

ChiP-seq

Chromatin immunoprecipitation was performed in
duplicate via a magnetic kit (ab156907, Abcam) accord-
ing to the manufacturer’s instructions. Immunoprecipi-
tation was performed with anti-Kaiso antibodies (Sigma



Starshin et al. Epigenetics & Chromatin (2024) 17:38

HPAO005732) approved by ENCODE (ENCAB292USO).
Libraries were constructed via the NEBNext® Ultra™
II DNA Library Prep Kit for lumina® (NEB) and
sequenced with a single read with a read length of 50 bp.
The number of reads was adjusted to achieve peak satura-
tion. Reads with a quality of less than 20 were filtered via
Cutadapt and truncated to 50 nucleotides. The remain-
ing reads were mapped to the human genome (GRCh37/
hg19) via Bowtie2 with the ‘end-to-end’ option. Peak
calling was performed via MACS2 [31] with the -q 0.01
parameter. Intersection and subtraction-related manipu-
lations with peaks were performed via bedtools [32]. All
subsequent analyses were carried out at the intersec-
tion of biological replicates. To minimize the number
of false positive peaks, we subtracted Kaiso-knockout
control peaks from those obtained from the wild type.
The results of the ChIP-seq experiments for the cell
lines MCF-7 (https://doi.org/10.17989/ENCSR231YFE),
GM12878 (https://doi.org/10.17989/ENCSR542FLV),
and K562 (https://doi.org/10.17989/ENCSR876GXA)
were obtained from the ENCODE database. The peak sets
obtained from two replicates, processed with the optimal
IDR threshold filter and bigWig files, were derived from
the ENCODE hg19 pipeline outputs.

DNA methylation analysis

Whole-genome methylation data for Caki-1 and Kaiso-
deficient cells were obtained from GSE151787 and
PRJNA734133, respectively [8, 33, 34]. The reads were
aligned to the GRCh37/hgl9 genome assembly via Bis-
mark software [35]. The bisulfite conversion efficiency
(>99%) was assessed using both lambda phage and
non-CpG context methylation. Individual differential
CpGs were identified via the beta-binomial regression
approach implemented in the MethPipe pipeline [36].
The results of the WGBS experiments for the cell lines
GM12878  (https://doi.org/10.17989/ENCSR890UQO),
and K562 (https://doi.org/10.17989/ENCSR765JPC) were
obtained from the ENCODE database. Then, they were
processed by the steps described above. The level of DNA
methylation in regions overlapping with Kaiso peaks was
assessed as follows: Kaiso peaks were overlapped with
annotations obtained from the R package Annotation-
Hub, and the distribution of CpG methylation levels for
each region was then plotted.

The coverage of Kaiso binding regions with consensus
sequences

The coverage of Kaiso binding regions with consensus
sequences was analyzed within a range of +4 kb from
the center of the Kaiso peak. The whole-genome distri-
bution of the consensus sequences was generated via a
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Python script in the same way as that reported by Isa-
gulieva et al. [37]. The Bedtools coverage function with
nucleotide resolution was used to calculate the number
of overlapping Kaiso peaks with consensus sequences
genome-wide or for specific regions (intergenic, pro-
moter, intron, exon, and intron—exon boundaries). For
the enrichment of TCTCGCGAGA, a position weight
matrix was downloaded from JASPAR (JASPAR ID:
MAO0527.1). The probability of finding a consensus
sequence in the Kaiso region was calculated as the ratio
of the number of overlaps to the total number of Kaiso
peaks.

Data analysis

Data processing and alignment were performed via
in-house computational pipelines. Statistical analyses
were conducted with R statistical software. The distri-
bution of peaks across genomic elements, CpG islands,
shores, and shelves was performed using the ChIP-
seeker software. To calculate Kaiso enrichment around
TSS (transcription start sites) and TES (transcription
end sites), we considered all genes that intersect with
Kaiso peaks. Using deepTools with the parameters
scale-regions -m 3000 -b 5000 -a 5000, we generated a
plot (with TSS marking the beginning of the gene and
TES marking the end). Here, a and b represent the dis-
tances after TSS/TES, while m indicates the length of
the region being normalized. The Bedtools coverage
function was employed to determine the number of
overlapping Kaiso peaks with CpG islands. The plot was
created using R’s ggplot2 package.

To generate CpG observed/expected heatmap we used
awk to process an input BED file, calculating the center
of each peak and adjusting it with the flanking distance
of 5000 bp. Each line produced a new entry with chro-
mosome, start coordinate, end coordinate, and a unique
peak identifier. The output from awk is piped into bed-
tools makewindows, which divides the flanking regions
into smaller windows of 300 bp size. Then, we used bed-
tools getfasta to extract the nucleotide sequences cor-
responding to the generated windows. The resulting file
was read as pandas DataFrame and the observed-to-
expected ratio of CpG sites were calculated with formula.

Obs/Exp CpG = Number of CpG * 300
/ (Number of C * Number of G).

Observed to expected ratio of CpG sites in windows
with GC content less than 0,5 was set to 0. Ratios in each
window were smoothed with rolling means. Visualization
was made with seaborn heatmap function.
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Motif discovery by homer

We used the findMotifsGenome script of Homer [38]
(http://homer.ucsd.edu/homer/motif/) tool for de novo
motif identification. Fragment sizes were set according to
the length of the Kaiso peaks, and other parameters were
set to their defaults.

Methylation density and Kaiso reads enrichment
We normalized Kaizo reads to the input and calculated
fold enrichment (FE) in a 50-base window using deep-
Tools [39]. We then referenced the FE to exon, intron,
intergenic, and promoter coordinates, calculating the
average enrichment of these regions, including those
3000 bp from the center of each region. The clustered
data were then visualized as a heatmap using DeepTools.
We selected only those bisulfite-treated reads that did
not contain unmethylated CpGs and those that covered
CpGs with a methylation level of 1. We then converted
the BAM files to BigWig format and plotted the distri-
butions of methylated reads in the selected genomic
regions, as described above.

Computational definition of CpG island DNA methylation
patterns

CpG islands were downloaded from the UCSC table
browser. Promoter CpG islands were then defined by
overlapping the CpG islands with transcription start sites
obtained from the hgl9 Ensembl annotation file. For nor-
malization purposes, we split the promoter CpGlIs into 40
bins. We then used the ScoreMatrixBin function from the
R generation [40] package to calculate the average meth-
ylation of each bin. To obtain major groups on the basis of
the methylation patterns of WT Caki-1 cells, we applied
k-means clustering. Using this method, we identified
clusters with high and low methylation: cluster 1—high
methylation: median 0.8018, mean 0.7821, 1st Quartile
0.6939, 3rd Quartile 0.8792; cluster 2—low methylation:
median 0.007103, mean 0.040291, 1st Quartile 0.002176,
3rd Quartile 0.064305. To obtain groups with 5" and 3’
methylation erosion for regions not included in clusters
1 and 2, we calculated Pearson’s r between the bin num-
ber and the respective average methylation level. This
analysis was conducted at three different levels: 1) for all
bins, 2) for the first and last halves of the bins separately,
and 3) for all quarters of the bins separately. CpG islands
with r values less than -0.5 for the first bin group at any
level were defined as having 5’ erosion. CpG islands with
r values greater than 0.5 for the last bin group of any level
were defined as having 3’ erosion. If an island has nega-
tive and positive r values for the first and last bin groups
of any level, it belongs to the category of 5-3’ erosion.
Islands that do not fall under the above criteria but still
have r values less than -0.5 and/or greater than 0.5 in at
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least one of the third-level bin groups were defined as
wave shaped.

EMSA

Binding was performed via Kaiso without the BTB/
POZ domain (ABTB Kaiso-GST, amino acids 117-692)
purified from transformed BL21 E. coli via GST-Sepha-
rose (Glutathione Sepharose 4B, Cytiva, UK). Probes
were obtained by annealing methylated and unmeth-
ylated oligonucleotides labeled with FAM: 5'-FAM-
GCAGC(meC)G(meC)GCCCAA(meC)GCTGGG
AGATC-3’ and met-SM 5'-TCCCCAG(meC)GTTGGG
(meC)G(meC)GGCTGCGATC-3 (methylated probe
M+, unmethylated M-); 5 -FAM-GTGTGCTTCCTG
CCAACGATGA-3 and 5-ACATCGTTATTGGCAGGA
AGCACAC-3’ (KBS probe); and 5-FAM-AGAAGCCTC
GCTGGGAAACAAGGAATCGGCGGG-3 and 5-CCC
GCCGATTCCTTGTTTCCCAGCGAGGCTTCT-3
(KBS-like probe). The binding reaction was performed
via the LightShift EMSA Optimization and Control Kit
(20148X) (Thermo Fisher Scientific). The mixture con-
taining oligonucleotide probes and increasing amounts
of ABTB Kaiso-GST protein was incubated for 30 min
at 25 °C. The DNA-protein complex was loaded onto 5%
PAAG (0.5X TBE), and the resolved complex was subse-
quently detected via Typhoon Trio+.

Differentially methylated regions (DMR)

Differentially methylated regions were identified utilizing
the MethyLasso program, with a minimum CpG cover-
age threshold established at 4 [41].

Gene ontology enrichment analysis

Gene Ontology (GO) analysis was performed via
ShinyGO 0.81 bioinformatics resources with an
FDR <0.05 [42, 43].

CRISPR/Cas9-based gene editing

The pX459-E535-ZBTB33 plasmid was obtained as fol-
lows: ligation of the BbsI-digested pSPCas9(BB)-2A-Puro
(PX459) plasmid (Addgene #48139) [44] with an annealed
sgRNA oligo insert: Crisp_E535_for 5'-CACCGTCCG
TGCCGTTACTGTGAGA, and Crisp_E535_rev 5'-AAA
CTCTCACAGTAACGGCACGGAC. The plasmid was
verified by Sanger sequencing analysis. CRISPR/Cas9—
based editing was performed as previously described
[44]. Briefly, Caki-1 cells were seeded on a 12-well plate.
The cells were transfected with the PX459-E535-ZBTB33
plasmid and ssODN5’- AGA AGA AGT ATC CGT GCC
GTT ACT GTG AGA AGG TAT TTC CGC TAG CAG
CAT ATC GCA CAA AGC ATG AAA TTC ATC ACA
CAG GGG AGC GAA via Lipofectamine 3000 to gen-
erate the E535A mutation. Puromycin was added after
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24 h at a concentration of 2 pugper ml. The cells were
incubated for 72 h and passaged into a 96-well plate at a
density of 1 cell per 2 wells in medium without puromy-
cin. The mutation was confirmed by Sanger sequencing
of the corresponding amplicons obtained from PCR with
genomic DNA.

Results

Landscape of Kaiso-binding regions in human renal cancer
cells

To investigate the DNA-binding activity of Kaiso, we per-
formed chromatin immunoprecipitation with anti-Kaiso
antibodies in Caki-1 human kidney cancer cells and
Kaiso-deficient Caki-1 cells generated via CRISPR/Cas9
editing. These Kaiso-deficient cells were previously gen-
erated by introducing a frameshift mutation at lysine 42
in the BTB/POZ domain of Kaiso [8]. Western blot analy-
sis of total cell lysates confirmed the depletion of Kaiso
in these cells (Fig. 1a). Our ChIP-seq analysis revealed
23,153 Kaiso binding peaks in Caki-1 cells. After elimi-
nating false positive peaks from Kaiso-deficient cells,
we obtained 21,144 high-confidence Kaiso-interacting
regions (Supplementary Fig. 1). Compared with a ran-
dom set of genomic regions, these Kaiso-binding regions
were distributed as follows: 32% were found in introns,
33% in promoters (<3 kb), and 27% in intergenic regions
(Fig. 1b). Kaiso binding was enriched upstream of the
transcription start site (TSS) and downstream of the
transcription end site (TES) up to 2 kb (Fig. 1c, d—exam-
ple of Kaiso binding at the promoter (top) and near the
TES (bottom)). Interestingly, 42% of the Kaiso binding
sites overlapped with CpG islands or were located within
4 kb upstream and downstream of the CpG islands in
regions known as shores and shelves (Fig. 1c, e, f). Shores
are defined as the 2000 base pairs flanking CpG islands,
whereas shelves are the regions farther up to 4000 base
pairs (Fig. 1f, right panel). When we examined various
genomic features, we found that in exons, exon—intron
boundaries, and promoters, Kaiso binding preferentially
occurred at CpG islands and shores (Fig. 1g). In contrast,
in introns and intergenic regions, Kaiso binding was
more common in CpG-poor regions. Among the 1167
Kaiso-bound promoters, 1031 contained CpG islands or
shores, whereas 136 were CpG-poor (Fig. 1g).

(See figure on next page.)

Page 5 of 20

Kaiso regulates expression of genes involved in mRNA
processing

Next, we analyzed genes whose promoters were anno-
tated to Kaiso binding regions and simultaneously exhib-
ited changes in their transcription levels. Analysis of
RNA-seq and ChIP-seq data revealed that 204 genes,
whose promoters are associated with Kaiso binding,
undergo transcriptional changes in Kaiso-deficient cells
(padj<0.05), of which 141 genes were upregulated, and
63 genes were downregulated in Kaiso deficient cells
(Supplementary Fig. 2a). KEGG pathway analysis and
Gene Ontology demonstrated that the upregulated genes
are significantly enriched in pathways related to RNA
processing and splicing factors (Supplementary Fig. 2b).

Identification of DNA binding consensus sequences

in the Kaiso interacting regions

Kaiso binds in vitro to CTGCNA and DNA with single
or multiple methylated CpGs [11, 26, 27]. Our results
revealed that Kaiso binding regions are enriched in KBS
and contain multiple CpGs compared with random
regions (Fig. 2a, b). We observed enrichment of CGCG
in the central part of the Kaiso-binding region (Fig. 2¢),
which is consistent with previous in vitro studies show-
ing the high affinity of Kaiso for sequences containing
methylated CGCG tetranucleotides [15, 26]. The known
Kaiso binding motif from JASPAR (TCTCGCGAGA) was
also detected at the central part of the peak but at a lower
abundance (Fig. 2c). Although the KBS sequence is fre-
quently found in the genome, there is a clear enrichment
of KBS in the Kaiso-binding regions compared with the
genome-wide distribution (Fig. 2b, ¢). Many research-
ers consider the longer variant of the Kaiso binding site
(KBS) (TCCTGCNA) to be a consensus sequences [27,
45]. However, J. Daniel’s work showed that the nucleo-
tides T and C at the 5" end of this sequence don't actu-
ally play a role in Kaiso’s recognition of DNA[27]. Our
study yielded comparable results, as we did not detect
any enrichment associated with this extended sequence
(Fig. 2c). We analyzed whether the distribution of
KBS and CGCG in Kaiso-binding regions depended
on the type of genomic region in which this peak was
located. Enrichment of KBS in Kaiso-binding regions
was detected in introns and intergenic regions, whereas
CGCG-containing peaks were abundant in all regions

Fig. 1 Kaiso binding landscape A western blot analysis of total cell lysates from Caki-1 and Kaiso deficient Caki-1, *-SUMOylated form of Kaiso
protein. Distribution of Kaiso binding regions across the B genome by ChiPseeker, C around TSS, TES (by deepTools), and CpG islands (intersections
were obtained using bedtools, then plot was constructed by ggplot2), D example of genomic tracks for Kaiso ChIP-seq data from Caki-1 and Kaiso
KO Caki-1 cells, and input data,arrows indicate direction of transcription; E visualization of CpG islands in Kaiso binding regions via observed/
expected CpG ratio (see materials and methods), F the overlay between Kaiso binding sites and CpG islands, shores, shelves, and G genomic

regions
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(Fig. 2d). Overall, 60% of the Kaiso peaks contained both
CGCG and KBS sequences, 17% contained only KBS,
and 18% contained only CGCG. Five percent of the Kaiso
binding sites contained neither CGCG nor KBS (Fig. 2e).

Next, we performed de novo motif analysis via Homer
software for each category of Kaiso-binding regions.
Motifs containing a single CpG were found for all
genomic categories of Kaiso binding sites (Fig. 2f, Supple-
mentary Fig. 3). Among the top motifs in the promoters,
exon—intron boundaries, and exons, CGCG sequences
were detected (Supplementary Fig. 3). The KBS site was
found among the top DNA motifs in introns and inter-
genic regions, which is consistent with our analyses of
KBS enrichment in Kaiso-binding regions. KBS was also
detected in Kaiso peaks intersecting with exon—intron
boundaries (Supplementary Fig. 2). Regions without
CGCG and KBS sequences were enriched for motifs con-
taining a single CpG (Supplementary Fig. 3).

In addition, we performed de novo motif analy-
sis via MEME software (Supplementary Fig. 4). We
observed that Kaiso-binding regions were enriched with
T-rich sequences, CTGGGA, and CTGTAN. The last
two contain sequences that are similar to the KBS site
(CTGCNA). These KBS-like sequences were enriched
in introns and intergenic regions, similar to KBS. Unlike
KBS, they were found in promoters (Supplementary
Fig. 5). We performed an EMSA experiment to test
whether Kaiso can interact with the KBS-like sequence,
using the methylated probe as a positive control. We were
unable to detect DNA-protein complex formation with
probes containing the KBS-like sequences CTGGGA and
CTGTAN, whereas Kaiso effectively binds methylated
and KBS-containing probes (Supplementary Fig. 6).

Consequently, those Kaiso binding sites that are located
in intergenic regions and introns are characterized by the
presence of both KBS and CGCG, whereas those binding
sites that resemble promoters, exons, and intron—exon
boundaries are predominantly enriched for CGCG alone.

Methylation-dependent localization of Kaiso

To characterize the Kaiso binding regions further, we ana-
lyzed the DNA methylation levels at the enriched loci via
a dataset for genome-wide DNA methylation in Caki-1
cells [34]. Kaiso peaks were overlapped with genomic
regions, and the distribution of CpG methylation levels

(See figure on next page.)
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for each region was then plotted. Our analysis revealed
that Kaiso is predominantly localized to methylated
regions (Fig. 3a). The Kaiso-binding sites exhibiting the
highest methylation levels are predominantly located in
introns and intergenic regions. In contrast, in promot-
ers, exons, and exon—intron boundaries, Kaiso binding
sites include a mix of hypo- and hypermethylated CpGs
(Fig. 3a). We quantified the relationship between Kaiso
binding and DNA methylation by calculating the meth-
ylation density for each 400 bp window, combining the
methylation level with the density of the CpG dinucleo-
tides. Methylation density reflects the local concentration
of methylated CpGs as substrates for methyl-DNA bind-
ing proteins. Our analysis revealed that Kaiso enrichment
is moderately positively correlated with methylation den-
sity (Pearson’s r=0.28) (Fig. 3b).

Further, we assessed the methylation status of Kaiso-
binding regions by calculating fully methylated tag den-
sities within these regions and extending 3 kb upstream
and downstream from the center of the Kaiso peaks.
The majority of Kaiso-binding regions were found to
contain methylated DNA, with a more diffuse meth-
ylation density observed in promoters and exons within
these regions (green panel) (Fig. 3c). Subsequently, we
compared the enrichment levels of Kaiso in relation to
the methylation status of CpG islands. The heatmap
illustrates that Kaiso is more pronouncedly enriched in
methylated CpG islands compared to unmethylated ones
(Fig. 3d). Next, we evaluated the quantitative relation-
ship of Kaiso-binding regions based on their methylation
levels and genomic locations. The Kaiso-binding regions
that intersected with CpG islands were sorted according
to their methylation density. The distribution patterns
indicate that highly methylated Kaiso-binding regions in
intergenic regions constitute approximately 75% of the
total, while those located within gene bodies account for
60%, and those in promoters represent 40% (see Supple-
mentary Fig. 7).

The methylation levels of Kaiso binding sites in the
shores and shelves were notably high (Fig. 3e). By adding
RNA-seq data to our analysis, we found that Kaiso inter-
acts with both the methylated and unmethylated promot-
ers of active and inactive genes, respectively (Fig. 3f).
Additionally, we analyzed Kaiso-bound regions that
contained the regions predicted by the Homer motifs.

Fig. 3 Kaiso are targeted to highly methylated regions. DNA methylation in Kaiso binding peaks throughout A the various genomic regions, E CpG
islands, shores, and shelves; B genome-wide correlation between Kaiso enrichment (blue) and methylation density, calculated at 400 bp windows
ranked by methylation density (red line) CpG islands; C heatmap of signal density clustering on Kaiso peaks (3 kb up and downstream the center
of Kaiso peaks, red) for Kaiso and fully methylated reads level (green), each line represents Kaiso binding region; Kaiso enrichment D in dependence

of CpG island methylation status, and F around active and inactive TSS
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Notably, the degree of methylation around these regions
was also quite high (Supplementary Fig. 8a, b).

Consequently, Kaiso clearly prefers highly methylated
CpG-rich regions. However, dense methylation is not a
prerequisite for its binding preferences, as is evident in
the case of promoters.

In light of previous observations by D. Kaplun et al. [8],
we sought to ascertain whether the knockdown of Kaiso
might influence DNA methylation within its binding
regions. We plotted the distribution of single CpG meth-
ylation levels within whole genome and various genomic
elements (Supplementary Fig. 8c), as well as in Kaiso-
bound regions in Caki-1 and Kaiso-KO cells (Fig. 4a). In
Kaiso-deficient Caki-1 cells, a moderate increase in meth-
ylation was observed both across the genome and in vari-
ous genomic elements, as previously reported in study
(Supplementary Fig. 8c) [8]. In Kaiso binding regions, we
noted a similar trend in methylation changes in Kaiso-
deficient cells as observed on a genome-wide scale—a
slight increase in DNA methylation (Fig. 4a). An excep-
tion to this trend was found in binding regions located
within promoters, exons, and at exon—intron bounda-
ries, where we detected a small decrease in methylation
(Fig. 4a). When comparing the difference in methylation
(delta methylation) across all Kaiso binding sites against
randomly selected regions where Kaiso was not localized,
no statistically significant difference was found (Supple-
mentary Fig. 9a).

The analysis of the difference in DNA methyla-
tion within Kaiso-bound regions revealed very few
regions in genes promoters: hypermethylated TINCR,
ETS2, RAB20, PLXNA3, KCNH2, HBQ1, UNCX, MKX,
FBX044, GABRE, and TMEM178B and hypomethylated
HANDI, FTX, WNTI, PPPIR14A, PCDH7, FAMS3G,
CYP2EI1, NDUFA4I2, IQgap2, TSC22D1, FAM255a, and
FAM255b in Kaiso-deficient cells exhibited a methylation
difference of at least 20% (Fig. 4b and 4c and Supplemen-
tary Fig. 9b,c). The effect of Kaiso removal on the tran-
scription of these genes was minimal. This is attributed
to the fact that certain genes are not transcribed (WNT1)
or have alternative promoters (PCDH7, FAMS3G,
PPP1R14A, IQgap2), and changes in methylation affect
an inactive promoter, which does not lead to its reacti-
vation. FTX, FAM225a and FAM225b are noncoding
RNAs that, owing to the absence of polyadenylation,
were not detected in the transcriptome analysis. Proto-
cadherin 7 (PCDH7) and FAMS83G were upregulated in
Kaiso-deficient cells, whereas transcription of Handl
was decreased. Some of the promoters of hypomethyl-
ated genes (Handl, CYP2E1, NDUFA4l2, PPP1R14A,
TSC22D1) that interact with Kaiso exhibit a moderate
level of methylation, characteristic of monoallelically
expressed genes.
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We also conducted an additional analysis to investi-
gate more localized changes in DNA methylation within
Kaiso binding regions using DMR (Differential Methyla-
tion Region) analysis. Utilizing the latest DMR detection
method, MethyLasso [41], we identified approximately
4,500 DMRs, of which 1,223 were found in the promoter
regions. Notably, 273 of these DMRs intersected with
Kaiso binding regions, with the majority located in pro-
moters (Fig. 5a). Both hypo- and hypermethylated DMRs
were found in Kaiso binding regions, most frequently
situated in CpG islands and shores (Fig. 5a-c). Of these,
15 DMRs were located in the promoter regions of genes
that exhibited changes in transcription (Fig. 5c). Hypo-
methylated DMRs were detected in 4 out of the 7 upreg-
ulated genes (SQSTM1, NACC2, RTL6, DEGS1), and
these DMRs were situated in the downstream regions
relative to the transcription start site (TSS). For the
genes that were downregulated in Kaiso-deficient cells,
we predominantly observed hypermethylation of DMRs
located upstream of the TSS (Fig. 5c). Thus, we were able
to identify regions characterized by both decreases and
increases in DNA methylation.

In summary, we concluded that the alterations in DNA
methylation within Kaiso-bound regions in Caki-1 cells,
following the depletion of Kaiso, are predominantly simi-
lar to the changes observed in regions not associated
with Kaiso, that Kaiso-dependent DMR are prominently
located in promoters. Also, our analysis revealed a set
of genes whose promoter methylation is dependent on
Kaiso binding.

Kaiso is enriched at CpG islands with DNA methylation
erosion

Given that Kaiso was predominantly detected within
CpG islands in promoter regions, whether methylated
or unmethylated, we conducted a more detailed analysis
of the methylation profiles of these regions. Methylation
patterns of bound and unbound Kaiso CpG islands were
compared. K-means clustering suggested that the major-
ity of the CpG islands in the Kaiso unbound promoters
were unmethylated, with a very small fraction showing
hypermethylation. Additionally, partial methylation at the
5" and/or 3’ ends of the CpG islands was observed in 10%
of the cases for the promoters (refer to Fig. 6a). Approxi-
mately 6% of the CpG islands presented intermediate
methylation levels. A distinct methylation profile was
observed for the CpG islands bound by Kaiso. We noted
a significant increase in the number of methylated CpG
islands, with notably fewer unmethylated CpG islands
than those not bound by Kaiso. Furthermore, a substan-
tial portion of the CpG islands displayed partial methyla-
tion at the 5] 3; or both ends, was detected (Fig. 6b). This
consistent pattern of methylation in Kaiso-bound CpG
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Starshin et al. Epigenetics & Chromatin (2024) 17:38

Page 12 of 20

A B D
CpG island Cakif
DMRs in Kai ‘ - Kaiso ChIP
s in Kaiso peaks DMRs in Kaiso peaks - —— e .
Caki1 RNA-
- ) — _ el , akit RNA-seq
Kaiso KO RNA-seq
200 . 0l — . }
| -
200 open sea SQSTM1
100, CpG slands ailccd o
shelves 0.75 -.:"'?j'.‘."":'l'.
o = 100 . shores i %[
kel

1st Exon >
u 1st Intron 2

3'UTR ) £ 0.00 i =
= Distal Intergenic

Downstream (<=300bp)
= Other exon 0

QOther intron )

Promoter (<=1kb) 179233000 179237000

Promoter (1-2kb
m Promoter (2-3kb

@ methylation in Caki1 cells
e Methylation in Kaiso KO cells

C differences in methylation (Caki1 - Kaiso KO)
chr start end distanceToTSS |gene | log2FoldChange padj
- chr5 179234777 179234933 453 SQSTM1 0,669650287 6,8E-05 -
% chr9 138985225 138985628 1503 NACC2 0,575578201 0,01546 é
E chr22 44893364 44893392 613 RTL6 0,531940464 0,027016 ©
GEJ_ chrl 224373755 224373804 2845 DEGS1 0,464071299 0,019832
S chr15 75248137 75248381 1394 RPP25 0,773595073 0,001238
chr2 120981244 120981367 -260 TMEM185I 0,70118301 0,007792
chrl7 74069256 74069378 -649 SRP68 0,486350259 0,007163
chrl 29562674 29562715 -313 PTPRU -0,389222613 0,014704 .
- chrl6 88868753 88868786 -1400 CDT1 -0,505497215 0,012912 |3
% chr5 134073421 134073584 -586 CAMLG -0,509020551 0,026881 |2
g chri5 75639467 75639502 136 NEIL1 -0,549390538 0,030976
g chr9 123836877 123836944 -298 CNTRL -0,607195442 0,044565
g chrl7 41466174 41466196 70 LINC0091C -0,91156893 0,048391
© chrx 107978977 107979515 92 IRS4 -0,997403634 1,04E-05
chrl 229476724 229476930 1758 CCSAP -0,410966054 0,024638 hypo

Fig. 5 DMR analysis. A genomic distribution of Kaiso bound DMRs, B distrubution of Kaiso bound DMRs relative to CpG islands, C table
of differentiallly expressed genes with Kaiso peaks at promoters with DMR, D SOSTM1 gene within Kaiso binding regions and hypomethylated

in Kaiso deficent cells, light blue-Kaiso binding region

islands was observed in both the intergenic and promoter
regions (Supplementary Fig. 10a). In addition to the
previously described 5] 3; and 5’-3” eroded CpG islands
[46], we detected CpG islands exhibiting wave-like meth-
ylation patterns (Fig. 6¢). In Caki-1 cells, we detected 68
promoter wave-like methylated CpG islands, 48 of which
were bound by Kaiso. The characteristic feature of CpG

islands with wave-like methylation is their greater length,
which can reach 14 kbp (Supplementary Fig. 10b).

Next, we performed an analysis of Kaiso enrichment
on the basis of CpG island categories and demonstrated
that the enrichment of Kaiso was correlated with the
methylation status of the CpG islands, indicating that
Kaiso preferentially binds to CpG islands that are highly
methylated or with eroded parts of the CpG islands
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(Fig. 6d). GO analysis of genes with erosive CpG islands
bound by Kaiso revealed that the genes linked to promot-
ers containing these distinct islands are associated with
various transcription factors, including those involved
in pluripotency maintenance, diverse signaling path-
ways, the neuronal system, and cancer pathways. KEGG
pathway analysis revealed that CpG islands exhibiting
partial methylation (erosion) at the 5; 3; or both ends, to
which Kaiso binds, are enriched for genes involved in the
establishment and maintenance of pluripotency, as well
as the development of breast cancer, gastric cancer, and
other types of cancer (Supplementary Fig. 10c). In con-
trast, KEGG analysis of genes with eroded CpG island
promoters to which Kaiso does not bind revealed the
presence of genes involved in various signaling pathways
related to ion channel activity (Supplementary Fig. 10c).
In summary, Kaiso binds to eroded CpG islands in the
promoters of genes involved in cancer development
and pluripotency, whereas Kaiso-unbound eroded CpG
islands are associated with genes involved in signaling
pathways and ion channel activity.

The E535A mutation in Kaiso leads to the loss of its ability
to bind to methylated DNA

We proceeded to examine the significance of the methyl-
DNA binding ability of Kaiso in terms of its genomic
distribution. Previous studies have indicated that the
introduction of the E535A point mutation within the sec-
ond zinc finger of Kaiso effectively abolishes its binding
to methylated sequences while simultaneously retaining
its binding affinity for KBS-containing domains [29, 30].
Two clones (cll and cl2) were generated via CRISPR/
Cas9 genome editing (Supplementary Fig. 11a, b). The
mutation was validated through Sanger sequencing (Sup-
plementary Fig. 11c). Western blot analysis revealed that
the introduction of this mutation did not affect the level
of Kaiso expression or its posttranslational modifications
(Fig. 7a).

A detailed examination of the ChIP-seq data revealed
that the E535A mutation resulted in a reduction or com-
plete loss of Kaiso protein binding to the majority of its
binding sites, as depicted in Fig. 6b. The genomic distri-
bution of the E535A variant of the Kaiso protein indi-
cated a reduction in the number of binding sites located
in the CpG islands (Fig. 7c). In agreement with the loss of

(See figure on next page.)
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DNA methyl-binding activity observed for E535A Kaiso
in vitro, the degree of enrichment of the CGCG sequence
in regions where E535A Kaiso is bound was reduced,
whereas that of the KBS and KBS-like sites remained
unchanged (Fig. 7d, Supplementary Fig. 11d). Conse-
quently, it may be reasonably deduced that methyl-DNA
binding activity of Kaiso is a prevalent phenomenon in
Caki-1 cells.

Genomic distribution of Kaiso in K562, MCF-7,

and GM12878 cell lines

Next, we investigated the extent to which the identified
features of Kaiso binding to chromatin are representative
of other cancer cell lines. To achieve this, we conducted
a search in the ENCODE database for ChIP-seq analyses
performed using high-quality antibodies against Kaiso.
We identified three datasets corresponding to breast
cancer MCF-7 cells and two lymphoblastoid cell lines,
GM12878 (non-cancerous cells) and K562 (cancer cells).
In K562 cells, approximately 60,000 peaks were detected,
whereas MCF-7 and GM12878 exhibited around 10,000
peaks each (Supplementary Fig. 12a,b). The highest over-
lap of binding regions was observed between Caki-1 and
K562 cells (Supplementary Fig. 12b). For all cell lines ana-
lyzed, we observed an enrichment of binding regions in
promoter regions and the first intron, consistent with our
findings in Caki-1 cells (Fig. 8a). Kaiso-associated regions
located in promoters and exons were prominently rep-
resented within CpG islands and shores compared to
random sequences similar to that observed in Caki-1
cells (Fig. 8b, Supplementary Fig. 12c). Analysis of the
enrichment of CGCG and CTGCNA in Kaiso binding
regions for these three cell lines confirmed that CGCG
is enriched across all genomic elements, while enrich-
ment of CTGCNA was detected in introns and inter-
genic binding regions (Fig. 8c, Supplementary Fig. 13).
Motifs containing a single CpG were identified in the
HOMER analysis of binding regions for all tested cell
lines (Fig. 8d).

Further, we investigated the methylation levels of
Kaiso binding regions in these cell lines. We successfully
obtained whole-genome bisulfite sequencing (WGBS)
data for the K562 and GM12878 lines. In K562 cells, we
observed a hypomethylated state of the genome, in con-
trast to Caki-1 cells, while the methylation level in the

Fig. 7 E535A mutation impaires methyl-DNA binding activity in vivo. A Western blot analyses of total cell extracts from two clones E535A Kaiso
obtained after CRISPR/CAS9 genome editing.* -SUMOylated form of Kaiso protein, B Reads distribution in Kaiso binding regions of Caki-1 cells
and E535A mutant cells after subtraction of data obtained in Kaiso deficient cells, C the overlay between Kaiso binding sites for Caki-1 cells

and E535A cells and CpG islands, shores, and shelves, D The enrichment of indicated sequences in Kaiso binding regions in Caki-1 cells and cells

expressing E535A Kaiso
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Fig. 8 Kaiso binding landscape in K567, GM12878, MCF7 cell lines, A distribution of Kaiso binding regions across the genome; B the overlay
between Kaiso binding sites and CpG islands, shores, shelves, and open sea; C enrichment of indicated top motif in Kaiso binding regions for all (top
panel) and promoter (bottom) peaks; D de novo Homer analysis of sequences in Kaiso binding regions in indicated cell lines; F DNA methylation
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non-cancerous GM12878 cells was found to be at an
intermediate level (Supplementary Fig. 144, c). The Kaiso
binding regions in the cancerous K562 cells exhibited
hypermethylation, despite the overall hypomethylated
state of the genome (Fig. 8f, Supplementary Fig. 14a). The
methylation pattern of Kaiso binding sites was remarka-
bly similar to those observed in Caki-1 cells. Hypermeth-
ylation of binding regions was detected across nearly all
genomic categories. The only exception was found in
the promoter regions, where a bimodal methylation pat-
tern was evident, similar to that observed in Caki-1 cells
(Fig. 3a, Supplementary Fig. 14a). For the non-cancer-
ous GM12878 cells, we detected a bimodal distribution
of methylation in Kaiso binding regions, with the low-
est levels of methylation observed in promoter regions
and intron—exon boundaries (Fig. 8f, Supplementary
Fig. 14c). Next, we were interested in exploring whether
wave-like methylation patterns observed in Caki-1 cells
exist in other cell types. Since these CpG islands exhib-
ited increased length, we conducted a methylation
analysis of CpG islands longer than 2000 base pairs that
overlapped with Kaiso peaks. Indeed, we were able to
detect this type of methylation pattern for both K562 and
GM12878 cells (Supplementary Fig. 15) specific to Kaiso
peaks. The methylation pattern was very similar between
the cell lines; however, it is noteworthy that there were
extended regions that were fully methylated in some
cells while partially methylated in others (Supplementary
Fig. 15). This suggests that this may be a consequence of
either cell heterogeneity or the presence of monoallelic
methylation.

Discussion
Multiple studies have demonstrated that Kaiso effectively
binds both methylated and unmethylated DNA in vitro
[26, 27, 47]. However, the role of DNA methylation in
regulating Kaiso binding in vivo remains controversial.
Specifically, Kaiso preferentially binds to nonmethylated
DNA [28]. This discrepancy may have been due to the
low depth of sequence data coverage or the use of poorly
selected antibodies for ChIP. To address these issues, we
generated a Kaiso-deficient renal clear cancer cell line,
Caki-1, and performed ChIP-seq analysis in Caki-1 cells
using Kaiso-KO cells as a negative control to minimize
the detection of false positive binding sites. By using
Kaiso-deficient cells as a control, we aimed to identify
Kaiso binding sites more accurately and elucidate the role
of DNA methylation in regulating Kaiso binding in vivo.
Our findings regarding the distribution of Kaiso in the
genome were generalized based on ChIP-seq data from
cell lines K562 and GM12878.

In our study, we demonstrated that Kaiso predomi-
nantly binds to methylated regions, showing broader
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binding specificity than MBD proteins do by interacting
with both CpG-rich and CpG-poor regions. The Kaiso
binding sequence (KBS) motif (CTGCNA) was identi-
fied in 77% of the Kaiso binding regions, which is consist-
ent with previous in vitro findings [48], although KBS is
widely distributed throughout the genome. Enrichment
of KBS was primarily observed in Kaiso-binding regions
located in introns and intergenic regions. By integrat-
ing data from Kaiso binding profiles and whole-genome
bisulfite sequencing, we tested the association between
Kaiso recruitment and the density of methylated CpG
sites. Our findings revealed a positive moderate cor-
relation between the enrichment of Kaiso and the den-
sity of methylated CpG sites. This relationship mirrors
the behavior observed in methyl-DNA binding proteins
such as MBD1, MBD2, MBD4, and MeCP2, where their
enrichment shows a linear relationship with local meth-
ylation density [49].

Despite the similarities in binding to highly methylated
DNA between the Kaiso and MBD proteins, the impact
of Kaiso and MBD2 inactivation on DNA methylation
patterns differs. The knockdown of MBD2 in embryonic
stem cells results in a slight decrease in genome-wide
methylation, whereas Kaiso-deficient Caki-1 cells exhibit
a slight increase in methylation across the genome,
accompanied by hypomethylation at enhancers and
gene bodies [8, 50]. The hypermethylation observed in
Kaiso-deficient cells throughout the genome, irrespec-
tive of the presence of the Kaiso binding site, may be
linked to reduced Tetl dioxygenase transcription [8].
DMRs associated with Kaiso binding regions are pre-
dominantly located in promoters, demonstrating both
hypo- and hypermethylation. It has previously been
shown that Kaiso can compete for DNA binding with
KLF4, which, by recruiting TET dioxygenases, can influ-
ence methylation [8]. The hypermethylation of DMRs
in Kaiso-deficient cells suggests that Kaiso in wild-type
cells competes with other proteins for DNA binding that
attract the methyltransferase complex. These findings
collectively suggest that Kaiso plays a role in regulating
the DNA methylation balance of specific genomic tar-
gets. One of the identified targets is the SQSTM1 gene.
Kaiso binds to a region located downstream of its TSS.
Depletion of Kaiso results in a reduction of methylation
at this locus, accompanied by an increase in gene tran-
scription. SQSTM1 (p62) functions as an adaptor protein
that facilitates the transport of ubiquitinated proteins to
the autophagosome and protein degradation. Notably,
SQSTML1 acts as a cell survival signal for acute myeloid
leukemia (AML) cells undergoing granulocyte differenti-
ation[51]. On the other hand, Kaiso has been discovered
as a factor involved in the pathogenesis of acute mye-
loid leukemia, having been identified among genes with
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somatic mutations that serve as positive selective mark-
ers and drivers of clonal hematopoiesis [22]. It would be
interesting to further investigate whether Kaiso main-
tains its regulatory capacity over SQSTM1 in myeloid
leukemia cells.

One of the closest homologs of Kaiso is ZBTB38.
Despite their structural similarity, repression properties,
and shared ability to bind methylated DNA, these factors
appear to have distinct functional roles and nonoverlap-
ping tissue-specific expression patterns [52]. Deficien-
cies in Kaiso and ZBTB38 lead to different consequences
[18, 53]. Both Kaiso and ZBTB38 exhibit similar locali-
zation in upstream regions from transcription start sites
(TSSs) in CpG islands and/or shores [53]. However,
in contrast to ZBTB38, which is predominantly found
at active transcription sites, Kaiso binds to promoters
regardless of their activity status. Interestingly, in inac-
tive genes, Kaiso is located not upstream but directly at
the TSS itself. These two factors may have partial func-
tional interchangeability, particularly in terms of binding
to upstream regions in the promoters of active genes and
CpG islands/shores. However, they clearly exhibit differ-
ences in their DNA binding profiles. This fact suggests
that they are not entirely redundant and may play unique
roles in gene regulation and cellular processes.

Under normal cellular conditions, the majority of CpG
islands remain unmethylated, with only a small frac-
tion exhibiting hypermethylation. However, in cancer
cells, there is a notable shift in CpG island methylation
patterns. A significant portion of CpG islands in can-
cer cells undergo hypermethylation, and a phenomenon
known as eroded methylation occurs, where methylation
is observed at the 5" or 3’ ends of CpG islands or where
hypermethylation is present at both ends, resulting in a
central unmethylated region within the CpG islands [46].
The boundaries of eroded CpG islands in cancer cells are
marked by H3K4mel modification, which is also observed
in normal cells and plays a crucial role in the develop-
ment of eroded methylation in CpG islands during cancer
cell transformation. Our research revealed that the Kaiso
protein is enriched at both methylated and eroded CpG
islands, indicating its preference for binding to methyl-
ated DNA. Here, we identified a novel class of CpG islands
characterized by interesting methylation patterns: (i) wave-
like or (ii) those with methylation in the central region of
the CpG island. We demonstrated that Kaiso is associated
with these types of CpG islands. Although these wave-
like regions were relatively rare, Kaiso bound to approxi-
mately two-thirds of them. We did not observe significant
alterations in the methylation status of Kaiso knockout
cells. Therefore, we speculate that Kaiso may be involved
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in establishing such DNA methylation profiles but not in
their maintenance. Notably, the CpG islands with wave-like
methylation patterns differ from all others in that they are
quite extensive, reaching lengths of up to 14,000 base pairs.
These islands may encompass entire genes, including pro-
moters, exons, enhancers and multiple TSSs. The mecha-
nism that establishes and maintains methylation for only
particular parts of large CpG islands remains unknown.
The role of Kaiso as an initiator or interpreter of DNA
methylation for such CpG islands has yet to be discovered.
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