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Abstract

Although DNA methylation has been analysed in few studies for a limited number of
loci in cats with diseases, genome-wide profile of DNA methylation has never been addressed.
The hypothesis for this study is that next-generation sequencing with sequential digestion of
genomic DNA with Smal and Xmal enzymes could provide highly quantitative information on
methylation levels in cats.

Using blood from four healthy control cats and two disease cats as well as three feline
lymphoma/leukemia cell lines, approximately 74-94 thousand CpG sites across the cat genome
could be analysed. CpG sites in CpG island (CGI) CGI broadly were either methylated or
unmethylated in normal blood, while CpG sites in non-CpG islands (NCGI) are largely
methylated. Lymphoma cell lines showed thousands of CpG sites with gain of methylation at
normally unmethylated CGI sites and loss of methylation at normally methylated NCGI sites.
Hypermethylated CpG sites located at promoter regions included genes annotated with
‘developmental process’ and ‘anatomical structure morphogenesis’ such as HOXD10. This
highly quantitative method would be suitable for studies of DNA methylation changes not only

in cancer but also in other common diseases in cats.
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Introduction

DNA methylation is a covalent modification involving the addition of methyl groups at
cytosine—guanine (CpG) dinucleotides, which converts cytosine to 5-methylcytosine (5mC).
CpGs are rare and scattered throughout the genome (Klose and Bird, 2006), and also exist as
CpG-rich regions (CpG islands; CGls) (lllingworth and Bird, 2009). CGls are one of the most
important methylation features of the genome and are methylated differently from non-CpG
islands (NCGIs) in mammals (Bird, 2002). Indeed, most CpGs in non-CpG islands (NCGI) are
fully methylated while CpG dinucleotides in CGls are typically unmethylated. Furthermore,
CGI methylation is associated with silencing of the associated promoter, as seen in imprinting
and the inactive X chromosome in women (Ferguson-Smith, 2011; Heard et al., 1997).

DNA methylation plays a key role in disease mechanisms such as tumourigenesis,
where the de novo hypermethylation of tumour suppresser genes has been identified in
neoplastic tissues (Herman et al., 1994; Merlo et al., 1995). Global hypomethylation also occurs
frequently in tumours and may facilitate chromosome instability, leading to the formation of
abnormal chromosomal structures (Eden et al., 2003). Recent advances in genome-wide
analysis of DNA methylation have revealed the occurrence of aberrant methylation in a variety
of human diseases (Figueroa et al., 2009; Noushmehr et al., 2010). Moreover, hypermethylated
sites have been identified at promoter regions in feline lymphoma and squamous cell carcinoma
(Fujita and Kaneda, 2017; Morandi et al., 2020; Renzi et al., 2020). However, these studies
focused on target genes or regions of DNA methylation extrapolated from human work,
indicating the reduced capability of screening affected genes or regions in cats. The genome-
wide screening of regions with DNA methylation changes in feline diseases is required to
clarify disease mechanisms and to establish a novel marker for diagnosis and prognosis in

clinical settings.
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We hypothesised that genome-wide DNA methylation analysis can provide a highly
guantitative assessment of DNA methylation levels in cats. To investigate this, we used next-
generation sequencing with sequential Sma | and Xma I digestion of genomic DNA to analyse
methylation levels in blood from healthy control and diseased cats as well as in feline

lymphoma cell lines.

Materials and methods
Cell lines and normal blood

We analysed three lymphoma cell lines (T-cell type, FT1, KO1; B-cell type, MS4)
(Fujino et al., 2004; Miura et al., 1987; Mochizuki et al., 2011b). Peripheral blood samples were
obtained from four healthy volunteer cats (NM1, 4-year-old female American short hair; NM2,
5-year-old male mixed; NM3 and NM4, 8-month-old male mixed). All these cats were
considered healthy on the basis of results of a baseline physical examination and CBC. We also
used peripheral blood samples from two disease cats diagnosed as having lymphoma (SHT, cell
lineage not determined by PCR for antigen receptor gene rearrangement (Mochizuki et al.,

2011a; Mochizuki et al., 2012)) and acute myelogenous leukemia (KYK), respectively.

Digital restriction enzyme analysis of methylation (DREAM)

Genome-wide DNA methylation analysis using next-generation sequencing was
performed according to the corresponding studies in human (Jelinek et al., 2012) as well as in
dog (Yamazaki et al., 2018) (Fig. 1). Briefly, genomic DNA extracted from the samples was
mixed with a set of artificial methylation standards for calibrators (methylation levels of 0%,
25%, 50%, 75% and 100%). These mixes were digested with 100 U of Smal endonuclease (New
England Biolabs) for 8 h at 25 °C. Subsequently, 50 U of Xmal endonuclease (New England

Biolabs) were added, and the digestion continued for an additional 16 h at 37 °C. The 3’ recessed
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ends of the DNA created by Xmal digestion were filled in a dCTP, dGTP, and dATP mix (0.4
mM of each) and 3'-dA tails were added to all restriction fragments by Klenow DNA
polymerase lacking 3'-t0-5' exonuclease activity (New England Biolabs). Then, Illumina
paired-end sequencing adaptors were ligated using T4 DNA ligase (New England Biolabs)
followed by size-selection with Agencourt AMPure XP magnetic beads for DNA fragments
ranging from 250 bp to 450 bp in size. Size-selected DNA was amplified with paired-end PCR
primers (Illumina) using KAPA Hifi HotStart ReadyMix (Kapa Biosystems) and 11 cycles of
amplification followed by sequencing on NovaSeq (Illumina). Sequencing reads were mapped
to Smal/Xmal sites in the cat genome (felCat9), and signatures corresponding to methylated and
unmethylated CpGs were enumerated to calculate methylation frequencies for individual
Smal/Xmal site. The methylation ratio is the ratio of the number of tags starting with CCGGG
divided by the total number of tags mapped to a given Smal/Xmal site. Finally, we corrected
methylation levels measured by DREAM based on the values obtained from the spikes in
standards. First, we calculated log ratios In (m/u) and In (sm/u) for each standard, where m/u is
the expected ratio of methylated and unmethylated reads, while sm and u, respectively, are
observed numbers of methylated and unmethylated reads. Differences in the ‘expected’ minus
‘observed’ log ratios were calculated for each standard. Correction factor ¢ was calculated as
an antilog of the average log difference (expected — observed). Corrected methylation values
were then computed as 100% x [c x sm/(c x sm+u)] for each CpG site.

We used the University of California, Santa Cruze (UCSC) definition of CpG islands
(Gardiner-Garden and Frommer, 1987). Promoter regions are defined as being located within 1
kb from transcription start sites (TSS) of given genes annotated by Ensembl Gene Predictions

—version 101 (Liu et al., 2018; Noguchi et al., 2020). Only autosomal CpG sites were analysed.

Gene ontology analysis
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Gene ontology (GO) analysis of differentially methylated genes was done using the
PANTHER (Mi et al., 2021) and analyses were performed online using parameters of false

discovery rate of <5 x 1072,

Results
CpG site analysis

From all nine samples used for DREAM, 5.2-12.8 million unique, usable sequencing
reads were successfully generated after conservative filtering for DNA methylation analyses
(Table 1). CpG sites with more than 20 reads (74,000-94,000 CpG sites per sample) were
utilised to assure quantitative ability and intersample comparisons.

We obtained DNA methylation levels for two CpG sites at the SOX11 promoter region
of 98.3% and 99.1% in the FT-1 cell line, and 0.0% and 0.0% in the MS4 cell line. This
compares with DNA methylation levels of the SOX11 promoter region achieved by bisulfite
sequencing of 92.2% and 11.7% in FT-1 and MS4 cell lines, respectively (Fujita and Kaneda,
2017).

Next, we analysed 38,930 CpG sites with more than 20 reads in all nine samples to
compare DNA methylation differences. Of the 38,930 CpG sites, 2843 (7.3%) were located
close to promoter regions, 4537 (11.7%) were within exons, and 16,811 (43.2%) were within
introns. The remaining 14,739 CpG sites were distant from any genes except for 730 sites
located within non-coding RNAs such as long non-coding RNAs (Fig. 2). A total of 20,242

CpG sites were in CGls and 18,688 in NCGls.

DNA methylation patterns
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Next, we addressed overall DNA methylation levels. Average DNA methylation levels
ranged from 33.1%-67.2% (Table 1). Fig. 3 shows DNA methylation fractions and the overall
distribution of DNA methylation levels. Most CpG sites were either highly methylated (>80%)
or unmethylated (<20%) in all samples. Interestingly, we detected a high degree of
hypomethylation in MS4 cells compared with other cells, and moderate hypomethylation in one
diseased cat compared with other cats.

To address if genome-wide DNA methylation analysis could differentiate the
methylation status of all samples, we calculated the correlation coefficient for all pairs (n=36)
of samples analysed. As expected, high correlations (R = 0.987-0.991) were observed in all
pairs of healthy control cats and to a lesser extent in the pairs of controls with diseased cats (R
= 0.927-0.977) (Fig. 4A). However, lower correlations were observed for the three cell lines
(R =0.437-0.695). MS4 cells typically showed lower correlations with other samples whereas
the other two cell lines showed higher correlations (R = 0.784).

Genome-wide DNA methylation patterns in the present study were sufficiently
variable to identify sample differences, indicating that methylation levels for CpG sites varied
among samples. Fig. 5 shows representative scatter plots for CpG sites in CGls and NCGls for
one healthy control cat, one diseased cat, and two cell lines compared with another healthy
control cat. In support of earlier findings, DNA methylation levels in the blood of two healthy
control cats were highly consistent both for CGls and NCGls. However, major differences were
detected between CGI and NCGI CpG sites. More CGI CpG sites were unmethylated (DNA
methylation levels, <20%) than methylated (DNA methylation levels, >80%). In contrast,
methylated CpG sites were dominant in NCGlIs. One diseased cat showed hypermethylated
CpG sites in tumour samples that were unmethylated in whole blood as well as hypomethylated

CGI and NCGI CpG sites in tumour samples that were methylated in whole blood (Fig. 5).
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Additionally, two lymphoma cell lines showed higher degrees of hypermethylation (more

apparent in KO1) and hypomethylation (more apparent in MS4).

Differentially methylated CpG sites

To gain insights into the DNA methylation of CpG sites that showed variation between
tumour samples and healthy controls, we calculated the number of CpG sites that either gained
methylation (higher than the average + 2 standard deviation [SD] of DNA methylation levels
in four control cats) or lost methylation (lower than the average — 2SD of DNA methylation
levels in four control cats) in diseased cats and lymphoma cell lines. We found that 13237852
CpG sites (6.5%-38.8%) of those CGI CpG sites analysed increased methylation in different
cell lines (Table 2). Interestingly, KO1 and FT1 cell lines had more hypermethylated CpG sites
than other cell lines. We also found that 2728-13,876 CpG sites (14.6%—74.3%) of the NCGI
CpG sites analysed were hypomethylated (Table 2). MS4 cells had many more hypomethylated
CpG sites than other cell lines.

Hypermethylation in promoter regions is a well-known phenomenon that correlates with
gene silencing (Jones and Baylin, 2007). We used the criterion of defining differential
hypermethylation as more than a 20% difference in DNA methylation level for given CpG sites
(Guo et al., 2014; Vorjohann et al., 2013) in tumour samples compared with healthy controls to
identify 7223, 2906, and 7725 CpG sites as being differentially hypermethylated in KO1, MS4,
and FT1 cell lines, respectively; two diseased cats showed smaller numbers of differential
hypermethylation (1695 and 84 CpG sites). We then confirmed their genomic coordinates to
determine the biological relevance of DNA methylation changes in lymphoma cell lines. Fig.
6A shows that the two CpGs that could be analysed in this study set (chrC1: 166,885,535 and
166,885,769) are close to each other and showed similar trends of DNA methylation. Both CpG

sites were hypermethylated (56%-100%) in the cell lines but unmethylated (0%-11%) in
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diseased and healthy control cats. Interestingly, both sites are located at the promoter region of
the cat HOXD10 gene. Finally, we found that three cell lines had 2121 commonly differentially
hypermethylated CpG sites (Fig. 6B), including within 185 genes with differential promoter
hypermethylation. GO analysis of these 185 genes showed that the majority were associated
with the GO biological process of ‘developmental process’ and ‘anatomical structure

morphogenesis’ (Supplementary Table 1).

Discussion

Genome-wide DNA methylation analysis by next-generation sequencing has both
advantages and disadvantages (Barros-Silva et al., 2018). Antibodies against 5-mC or methyl-
binding proteins can be combined with sequencing, but this does not permit the methylation
status of individual CpG sites to be ascertained. Moreover, high sequencing costs associated
with the shotgun sequencing approach of bisulfite-converted whole genomes hampers research
applications and progress. Therefore, obtaining a DNA methylome with a single-base resolution
or wide coverage is impractical, especially in the field of companion animals where DNA
methylation studies are still in their infancy. Given this, we established a novel method of
measuring DNA methylation in the cat genome based on methylation-specific signatures using
methylation sensitive/insensitive restriction enzymes combined with next-generation
sequencing. This approach has already been applied to humans as DREAM (Jelinek et al., 2012)
as well as dogs as canine DREAM (Yamazaki et al., 2018), and successfully identified aberrant
DNA methylation in tumours in each species (Ishizaki et al., 2020; Ohta et al., 2020; Yamazaki
et al., 2015). We used it here to quantitatively determine the DNA methylation status of 38,930
CpG sites in nine samples, including 2843 (7.3%) CpG sites located close to the promoter

regions of predicted cat genes.
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We validated our DNA methylation statuses by comparing them with bisulfite
sequencing findings from a previous study (Fujita and Kaneda, 2017), and demonstrated a high
correlation for the SOX11 promoter region between the two analyses. This was despite the fact
that the CpG sites analysed in the two studies differed, being 3.6 kb upstream from the
transcription start site in the bisulfite sequencing study and 86 bp and 253 bp upstream from
the transcription start site in our study. A further advantage of our method over conventional
bisulfite sequencing is shown by the number of sequencing reads achieved. We used CpG sites
with at least 20 reads, and obtained approximately 100 reads for the SOX11 promoter compared
with the bisulfite sequencing of only 12 clones, suggesting a higher quantitative capacity and
accuracy of our method.

The overall DNA methylation status in our study indicated that most CpG sites were
either highly methylated (>80%) or unmethylated (<20%) in all samples. Approximately 50%
of CpG sites were methylated regardless of the cell type analysed, whereas 30% of CpG sites
were unmethylated (Fig. 3). Interestingly, we also found that MS4 and KYK cell lines were
hypomethylation-prone compared with other cell lines and the four healthy control cats, which
is consistent with the finding in canine lymphoma cell lines where two out of five samples
showed a strong hypomethylation phenotype (Yamazaki et al., 2018). Furthermore, we found
strikingly different characteristics at CGI and NCGI CpG sites. Most CGI CpG sites were
unmethylated (DNA methylation levels, <20%) or methylated (DNA methylation levels,
>80%), while methylated NCGI CpG sites dominated. These findings are also consistent with
previous studies in humans (Jelinek et al., 2012) and dogs (Yamazaki et al., 2018).

Although the distribution of DNA methylation levels appeared similar in all samples,
we found that genome-wide DNA methylation patterns differed (Fig. 4). This indicated that
methylation levels at each CpG site varied sufficiently to show identifying characteristics. To

confirm this, we studied differentially methylated CpG sites between healthy and diseased
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samples, and detected methylation gains at normally unmethylated CGI sites and methylation
losses at normally methylated NCGl sites, similar to findings in human tumours (Taby and Issa,
2010) and dog tumours (Ishizaki et al., 2020). Furthermore, DNA methylation patterns varied
among diseased samples. For example, KO1 and FT1 cell lines showed a higher number of
hypermethylated CGI CpG sites compared with other samples, while MS4 cells had the highest
number of hypomethylated NCGI CpG sites followed by KYK cells. This implies that
differentially methylated CpG sites are affected by individual tumour characteristics.

There are several lines of possibilities to explain this finding. First, we used a variety of
sample phenotypes including T-cells (KO1 and FT1), B-cells (MS4), myeloid cells, and
undetermined lineages. In human lymphoma, differential methylation has been reported
between B-cells and T-cells, depending on the lymphoma subtype, as well as even among the
same immunological phenotypes (Bergmann et al., 2019; Nakamura et al., 2017; Shaknovich
et al., 2010). However, methylation patterns of blood samples from several healthy control cats
were nearly identical in our study, suggesting a conserved methylation status despite the
presence of different cell types. Alternatively, DNA methylation levels could be affected by the
tumour cell purity in a population context-manner. While cell lines are comprised of tumour
cells only, blood samples from clinical cases contain different numbers of normal blood cells
depending on the patients’ condition. Therefore, sample DNA methylation levels might be less
representative than those of tumour cells alone. To overcome this problem, future studies would
ideally conduct a cell sorting strategy to isolate only tumour cells if appropriate markers and
antibodies are available for feline tumours.

A variety of aberrant DNA methylation types has been reported in human patients with
the same subtype of certain tumours. For example, the CpG island methylator phenotype
(CIMP) was found in most human tumours where a subset of CpG sites was unequivocally and

uniformly hypermethylated (Noushmehr et al., 2010; Toyota et al., 1999), and patients with

11
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CIMP share the same clinicopathological features of these tumours (Enjuanes et al., 2011).
Interestingly, we found remarkable overlaps of hypermethylated sites even among cell lines in
our study. However, this is a preliminary report with a limited number of samples. Further
investigation with more clinical cases is required to elucidate the association between
differential methylation and prognosis or the cell phenotype of feline tumours.

We detected promoter hypermethylation in 185 genes common to all three cell lines, for
which annotations of the terms ‘developmental process’ and ‘anatomical structure
morphogenesis’ including HOXD10 were enriched. This indicated a possible common
mechanism for gene silencing by aberrant hypermethylation, although long-term cultured
normal cells have been reported to show changes in the DNA methylation of homeobox genes
(Bork et al., 2010). To further address this question, it will be necessary to test the functional

relevance of these methylated CpG sites by examining gene expression levels.

Conclusion

In conclusion, we established a genome-wide analysis of DNA methylation based on
next-generation sequencing in cats which allowed us to identify thousands of aberrant DNA
methylation in blood from haematological tumours. The highly quantitative method would be
suitable for studies of DNA methylation changes not only in cancer but also in other common

diseases in cats.
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Table 1

The numbers of unique usable reads for each sample (n = 9) following DREAM (digital

restriction enzyme analysis of methylation) and CpG sites covered by more than 20 reads

which were suitable for DNA methylation analysis. Peripheral blood samples were obtained

from four healthy volunteer cats and two disease cats.

Number of CpG Average CpG
Samples Number of reads
Sites covered methylation
KO1 10,764,905 74,135 67.2
MS4 11,644,221 94,168 33.1
FT1 12,841,323 92,971 67.1
SHT 9,530,327 84,941 59.0
KYK 6,850,336 89,229 53.2
NM1 9,912,124 93,645 59.4
NM2 11,812,510 84,157 59.0
NM3 6,303,747 81,425 58.2
NM4 5,274,508 75,079 58.2
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Table 2

The numbers of hypermethylated sites in CpG islands (CGls) and hypomethylated CpG sites

in not in CGIs (NCGISs) in three different lymphoma cell lines and two disease cats compared

to healthy control cats.

KO1 MS4 FT1 SHT KYK

Hypermethylated 7852 3411 7419 3066 1323

cel Hypomethylated 1579 7294 2511 1608 5117
Hypermethylated 5319 1461 3915 3119 603

NCel Hypomethylated 4057 13876 6087 2728 9408
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Figure Legends

Fig. 1

Schematic outline of the DREAM principle. Smal restriction endonuclease can cut only
unmethylated CCCGGG sites creating 5’ -GGG signatures. Remaining methylated
CCmeCGGG sites are then cut by Xmal restriction endonuclease creating 5’ -CCGGG
signatures. Sequencing adapters are ligated to Smal/Xmal fragments and the libraries are

subjected to next generation sequencing. Methylation levels at unique Smal/Xmal sites are

calculated based on the numbers of methylated and total signatures.

Fig. 2
Numbers of CpG sites analyzed in this study in each category of genomic features. C, CpG

island, N, Non-CpG island

Fig.3

Characterization of DNA methylation patterns across cell types

Violin plots of genome-wide DNA methylation levels of all CpG sites (a), sites in CpG islands
(c), and sites in non-CpG islands (e) for each sample.

Density plots of genome-wide DNA methylation levels of all CpG sites (b), sites in CpG islands

(d), and sites in non-CpG islands (f) for each sample.

Fig.4
Pairplot for Pearson’s correlation scores of DNA methylation levels with all CpG sites
analyzed. Samples include blood from healthy control cats (green), disease cats (blue), and cell

lines (sky blue). Coloring indicates low correlation (blue) to high (red).
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Fig. 5

Representative smoothscatter plots for DNA methylation levels. 20,242 CpG sites in CpG
island (left) and 18,688 non-CpG island (right) are plotted separately. DNA methylation of
blood from a healthy control cat (NML1) is plotted on the x-axis, DNA methylation levels of
blood from a disease cat (SHT) or cell lines (KO1 and MS4) are plotted on the y-axis. The

density in number of CpG sites increases from white to green to blue.

Fig. 6

Schematic representation of a representative genomic landscape or hypermethylated CpG sites
in the cell lines. Original pictures were taken from the University of California, Santa Cruze
(UCSC) browser!. Promoter regions of cat HOXD10 are shown with DNA methylation levels
for two CpG sites in each sample along with locations of CpG islands and the homologous
genes of mouse and human. Note that these sites are on CGls and are hypermethylated only in
the cell lines but not in blood from healthy control cats. (b) Venn diagram showing the overlap

of hypermethylated CpG sites among (a) KO1, MS4, and FT1.

1 See: http://genome.ucsc.edu/cgi-bin/hgGateway
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