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ABSTRACTS

Recent genomic data analyses have revealed impor-
tant underlying logics in eukaryotic gene regulation,
such as CpG islands (CGIs)-dependent dual-mode
gene regulation. In mammals, genes lacking CGIs
at their promoters are generally regulated by inter-
conversion between euchromatin and heterochro-
matin, while genes associated with CGIs consti-
tutively remain as euchromatin. Whether a similar
mode of gene regulation exists in non-mammalian
species has been unknown. Here, through com-
parative epigenomic analyses, we demonstrate that
the dual-mode gene regulation program is common
in various eukaryotes, even in the species lacking
CGIs. In cases of vertebrates or plants, we find that
genes associated with high methylation level pro-
moters are inactivated by forming heterochromatin
and expressed in a context-dependent manner. In
contrast, the genes with low methylation level pro-
moters are broadly expressed and remain as euchro-
matin even when repressed by Polycomb proteins.
Furthermore, we show that invertebrate animals lack-
ing DNA methylation, such as fruit flies and nema-
todes, also have divergence in gene types: some
genes are regulated by Polycomb proteins, while oth-
ers are regulated by heterochromatin formation. Al-
together, our study establishes gene type divergence
and the resulting dual-mode gene regulation as fun-
damental features shared in a broad range of higher
eukaryotic species.

INTRODUCTION

Eukaryotic genome exists either as condensed heterochro-
matin or loose euchromatin (1–4). The densely packed
structure of heterochromatin physically blocks the access of

transcriptional machineries and transcription factors (TFs)
to the genome, thus the genes forming heterochromatin
remain transcriptionally silent. Within the nucleus, hete-
rochromatin constitutes a spatial compartment that is phys-
ically segregated from its open counterpart, euchromatin
(5–8). Transitioning a gene from euchromatin into hete-
rochromatin has been shown to silence gene expression (9),
establishing heterochromatin formation as one of the pri-
mary eukaryotic gene inactivation mechanisms.

Another well-known gene inactivation mechanism in
multi-cellular eukaryotes is mediated by Polycomb repres-
sive complexes (PRCs) (10–13). Polycomb proteins are con-
served in a broad range of eukaryotes, including verte-
brates, plants, insects, nematodes, and even some yeasts
(14). Polycomb proteins catalyze covalent modifications of
histones: Polycomb repressive complex 1 (PRC1) forms
mono-ubiquitination of lysine 119 of H2A (H2AK119ub1),
while Polycomb repressive complex 2 (PRC2) forms the di-
and tri-methylation at the lysine 27 of H3 (H3K27me2 and
H3K27me3). Binding of Polycomb group proteins and re-
sulting histone modifications repress gene expression by
blocking the assembly of transcriptional machineries at
gene promoters (13,15).

Interestingly, the relationships among these two gene in-
activation mechanisms are not clearly defined in most eu-
karyotes; whether these two mechanisms work together to
inactivate the same genes, or whether they inactivate dis-
tinct subsets of genes; if then, which classes of genes are in-
activated by heterochromatin formation while other types
of genes are repressed by Polycomb proteins. Clarification
of this relationship is critical for the comprehensive under-
standing of the gene regulatory mechanisms in eukaryotic
organisms.

As a part of answers to these questions, our recent study
indicated that the presence (and absence) of CpG islands
(CGIs) determines the mode of gene regulations in mam-
mals (16,17). CGIs are mammalian long (minimum 200 bp,
median 1 kb) DNA elements with unexpectedly high CpG
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(Cytosine-phosphate-Guanine) dinucleotides and high GC
contents (17–20). Majority of cytosines at the CpG sites
in mammalian genome are methylated (5-methylcytosine);
however, CpG sites within CGIs remain largely unmethy-
lated. CGIs are usually associated with gene promoters;
∼60% of genes in human and mouse are associated with
CGIs in their promoter (CGI+ or CGI-containing genes)
while the other 40% are not (CGI– or CGI-less genes).
Through compendium analysis of genomic data sets, we re-
vealed a mammalian dual-mode gene regulation program
mediated by CGIs (Figure 1A): only CGI– genes are reg-
ulated by interconversion between euchromatin and hete-
rochromatin (16). On the other hand, CGI+ genes remain
as euchromatin regardless of their transcriptional activities,
and are inactivated by Polycomb proteins (21,22).

Notably, while functional CGI elements are only ob-
served in mammalian genome (Figure 1B) (19,23), the com-
ponents of CGI-mediated dual-mode gene regulation, such
as the distinction of eu-/hetero-chromatin, Polycomb pro-
teins, or DNA methylation, are well conserved in a broad
range of eukaryotes. Therefore, we question whether the eu-
karyotic species lacking CGI elements also have dual-mode
gene regulation program. In this study, we performed a
comparative/integrative analysis using published genome-
scale datasets and present that the divergence of gene types
and resulting dual-mode gene regulations are common in
various eukaryotic model organisms.

MATERIALS AND METHODS

Genome version

For NextGen sequencing data analysis, the following
genome assemblies were used. Escherichia coli K12
MG1655: 2001–10-15, Schizosaccharomyces pombe:
EF2, Saccharomyces cerevisiae: sacCer3, Magnaporthe
oryzae: MG8, Neurospora crassa: NC12, Gossypium hir-
sutum: AD1-NBIv1.1, Zea mays: AGPv3, Glycine max:
Glyma1, Solanum lycopersicum: SL2.50, Lotus japonicus:
Kazuza2009, Oryza sativa japonica: IRGSP-1.0, Oryza
sativa indica: ASM465v1, Arabidopsis thaliana: TAIR10,
Caenorhabditis elegans: ce10, Drosophila melanogaster:
dm3, Danio rerio: danRer10, Cynoglossus semilaevis:
V1.0, Xenopus tropicalis: XENTR9.1, Macaca mulatta:
Mmul 8.0.1, Homo sapiens: hg19, Macaca fascicularis:
macFas5, Rattus norvegicus: rn6, Bos taurus: bosTau8, Mus
musculus: mm9, Canis lupus familiaris: CanFam3.1.

Definition of mammalian CGI+ and CGI– genes

CGI-containing (CGI+) and CGI-less (CGI−) genes were
defined as we did previously (16). Briefly, we used ex-
perimentally validated CGI elements identified by CxxC-
affinity purification followed by parallel sequencing (CAP-
seq) data (24). In detail, we listed CxxC-affinity purified re-
gions in sperm, blood and cerebellum (both in mouse and
human) with a general ChIP-seq data analysis pipeline (see
ChIP-/ATAC-/DNase-seq analysis section in the Methods
section), and identified non-tissue-specific consensus CxxC-
domain binding regions. For gene classification, genes sur-
rounded by consensus CxxC binding regions (within ±500
bp of the TSSs) were considered to be CGI+ genes, while

genes without surrounding consensus CxxC binding re-
gions were defined as CGI− genes (listed in Supplementary
Table S3).

RNA-seq analysis

All available RNA-seq data deposited at Gene Expression
Omnibus were initially listed on 9 April 2018, and further
updated on 27August 2019 and 19 March 2020. RNA-seq
data were downloaded from Sequence Read Archive (SRA)
from the National Center for Biotechnology Information
(NCBI) database. FASTQ files were extracted with the SRA
Toolkit version 2.5.5, and then aligned to the genome using
STAR version 2.4.2 (25). Gene expression was calculated as
Read Per Kilobase per Million (RPKM) values using rpkm-
forgenes.py (26). Because the ranges of RPKM values span
over three orders of magnitude and tend to give high ran-
dom multiplicative error in high expression values, expres-
sion values were converted into log10 scale [log10(RPKM
+ 1)] for graphical summarization (Figures 2, 3, 5 and Sup-
plementary Figures S3, S5 and S6). To test the relation-
ships between gene expression and epigenetic modifications
or motif occurrences (Figures 1C–E, 2, 3, 5, 6 and Supple-
mentary Figures S1, S3, S5 and S6), only the protein-coding
isoforms with the highest expression values among splicing
variants (in RPKM) were used to minimize noise originat-
ing from rarely used alternative transcriptional start sites
(TSSs), or poor annotation of TSSs of non-coding tran-
scripts. All RNA-seq data used in this study are summarized
in Supplementary Table S1.

Whole genome bisulfite sequencing (WGBS-seq) data analy-
sis

All available WGBS-seq data deposited at Gene Expression
Omnibus were initially listed on 9 April 2018, and the newly
deposited data were added to our analysis on 27 August
2019 and 19 March 2020. WGBS-seq data analysis was done
as we previously described (27). Raw data were downloaded
from Sequence Read Archive (SRA) from the National
Center for Biotechnology Information (NCBI) database.
FASTQ files were extracted with the SRA Toolkit version
2.5.5, and then aligned to the genome using BSMAP (Bisul-
fite Sequence Mapping Program) 1.0 (28), and the methy-
lation levels were calculated with BSMAPz (https://github.
com/zyndagj/BSMAPz) for each cytosine within a given
genome. Among three sequence contexts where cytosines
can be methylated, CpG methylation showed the most dis-
tinct patterns between two promoter types (i.e. CGI+ ver-
sus CGI– & Metlow versus Methigh; Supplementary Figures
S1 and S5). Therefore, we monitored the coverage for CpG
methylation in each WGBS-seq data, and selected and used
only high-quality data for the subsequent analyses. To elab-
orate further, WGBS-seq data that detected at least 20%
of all CpG sites in each genome were first selected, and
then of these, only the data that detected at least 50% of
promoters of total protein-coding genes were selected and
were used for the further analyses. Promoter methylation
levels (Figures 1C–E, 2A–B and Supplementary Figure 1)
were calculated as the average methylation of all detected
CpG sites within 200 bp-surrounding transcription start

https://github.com/zyndagj/BSMAPz
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Figure 1. Overarching question of the study. (A) Dual-mode gene regulation in mammalian systems (16,17). Note that only CGI– genes are generally
regulated by interconversion between eu- and hetero-chromatin, while CGI+ genes remain as euchromatin even when repressed by Polycomb proteins. (B)
Conservation of components of dual-mode gene regulation in model eukaryotes. aMostly absent except for rare cases (e.g. Cryptococcus neoformans (14)).
bNon-mammalian vertebrates lack CpG islands with traditional definition, but have similar elements (i.e. non-methylated islands: NMIs) (44). (C–E) CpG
methylation at the promoters of mammals (C), non-mammalian vertebrates (D), and plants (E). Upper 2D plots: Relationships between CpG methylation
at the promoters (200 bp surrounding TSSs) of protein-coding genes (y-axis) versus expression of associated genes (x-axis). Lower bar plots: Distribution
of promoter CpG methylation levels for transcriptionally inactive (RPKM < 0.1) genes.

site. In human data, WGBS-seq data generated from cancer
cells/tissues were not used in measuring promoter methyla-
tion capacity, as some CGIs are often aberrantly methylated
in these contexts (29). For the definition of Methigh/Metlow

genes, promoter methylation level in each gene was calcu-
lated in each data/species, and then the methylation ca-
pacity of each promoter was calculated. To minimize noise
from outliers, 98th percentile promoter methylation level

was considered as max promoter methylation capacity (Fig-
ure 2A, B). Genes with max promoter methylation capac-
ity higher than 0.7 and lower than 0.4 were considered as
Methigh and Metlow genes, respectively. To measure total
CpG methylation levels in each species (Supplementary Fig-
ure S2B), average methylation levels in all CpG sites were
calculated in all available WGBS-seq data of each species
and summarized as the boxplots. All WGBS-seq data used
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Figure 2. Conserved gene type divergence in vertebrates and plants. (A, B) Distributions of maximum CpG methylation levels at the promoters of protein-
coding genes (200 bp surrounding TSSs) of mammals (A) and non-mammalian vertebrates and plants (B). In non-mammalian vertebrates and plants (B),
Methigh (high methylation level) and Metlow (low methylation level) genes were defined as shown in dotted boxes (max promoter CpG methylation level >

0.7 and < 0.4, respectively). (C, D) CpG methylation (C) and frequencies (D) at the 10 kb-surrounding regions of TSSs of two types of genes are shown as
heatmaps. Genes are sorted by their expression levels (left blue line plots) in the indicated cell/tissue types.

in this study are summarized in Supplementary Table S2.
Methigh and Metlow genes defined in this study are listed in
Supplementary Table S3.

ChIP-/ATAC-/DNase-seq analysis

ChIP-seq (Chromatin Immunoprecipitation followed by
parallel-sequencing), ATAC-seq (Assay for Transposase-
Accessible Chromatin using sequencing) and DNaseI-seq
(DNase I hypersensitive sites sequencing) data were listed
(on 19 March 2020) and downloaded from Sequence Read
Archive (SRA) from the National Center for Biotechnol-
ogy Information (NCBI) database. FASTQ files were ex-
tracted with the SRA Toolkit version 2.5.5, and aligned us-
ing Bowtie 2.2.5 to the reference genomes (30). Signal based
analyses were done using duplicate filtered read pileup bed-
Graph files made from Model-based Analysis of ChIP-seq
(MACS) 1.4.2 (31). In order to summarize the ChIP sig-
nal enrichment over controls, the background subtracted
bedGraph files with log likelihood ratios were made using
MACS2 version 2.1.1 with ‘bdgcmp -m logLR’ command.
As the heterochromatin ChIP-seq data often have high false
positive signals due to the contamination of active genomic
regions (32), we filtered H3K9me2/3 ChIP-seq data as we
did previously (16) and only used data with high signal to
noise ratio (SNR). For RNA-seq data shown in Figure 5,
we first measured the median expression levels and selected
the top 10% expressed genes, and defined them as gener-
ally active genes. Then we measured H3K9me2/3 ChIP-seq
signals within 1 kb of TSSs of generally active genes and

considered them as the background noise from active ge-
nomic regions. To measure the true heterochromatin sig-
nals, we monitored H3K9me2/3 signals at Giemsa positive
regions (for mammals) or at the 1 kb-surrounding TSSs of
generally inactive genes (bottom 10% of median expression;
in non-mammalian species). If the average H3K9me2/3
signals from active genes (background noise) are higher
than the signals in inactive regions, those data were ex-
cluded from our analysis. Unlike other species, within C.
elegans genome, H3K9me3 is formed in H3K27me3 posi-
tive regions (which is formed by Polycomb proteins), while
H3K9me2 occurs in heterochromatic regions similar to all
other species (33,34). Therefore, only H3K9me2 was used as
the heterochromatic mark in C. elegans. All ChIP-/ATAC-
/DNase-seq data used in this study are summarized in Sup-
plementary Table S4. Statistical test in Figure 3 and Sup-
plementary Figure S6 were performed as follows. For chro-
matin accessibility data (Figure 3A and Supplementary Fig-
ure S6A), DNase-/ATAC-seq signals at 1Kb surrounding
regions of TSSs and the expression of associated genes
(log10 scale) were monitored separately in CGI+/Metlow

and CGI–/Methigh gene groups, and the significance of their
difference was measured with Chow test. For gene inactiva-
tion marks (Figure 3A, B and Supplementary Figure S6A,
S6B), ChIP-seq signals at the surrounding 1 kb (Polycomb,
H3K27me3) or 10 Kb (heterochromatin, H3K9me2/3) of
the TSSs of inactive genes (RPKM < 0.1) were monitored
separately in CGI+/Metlow and CGI–/Methigh gene groups,
and the significance of their difference were measured with
Wilcoxon signed-rank test.
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Figure 3. Distinct epigenetic gene regulations in two types of promoters. Chromatin accessibility (either ATAC-seq or DNase-seq, indicated below
heatmaps) (A), Polycomb-mediated gene repression mark (H3K27me3) (B) and heterochromatin mark (H3K9me2/3) (C) signals at the 10 kb-surrounding
regions of TSSs of two-types of genes are shown as heatmaps. Genes are sorted by their expression levels (left blue line plots) in the indicated cell/tissue
types.
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Order randomness test (Runs test)

To test whether the two types of genes we defined
(CGI+/Metlow versus CGI–/Methigh) are linearly parti-
tioned in the genome, we performed an order randomness
test (Runs Test) (35) as we did previously (16). In detail, we
simplified gene arrangement in each chromosome into bi-
narized gene orders (CGI+ or CGI– in mammals, Metlow

or Methigh in non-mammalian vertebrates and plants), and
then counted the transition (runs) from one state to an-
other in each chromosome (e.g. CGI+ to CGI– or CGI– to
CGI+ in mammals; Metlow to Methigh or Methigh to Metlow

in vertebrates and plants). These runs value were standard-
ized into Z-score by comparing with mean (�) and stan-
dard variation (�) expected from randomized order (upper-
left equations in Figure 4A, where n1 and n2 refer to the
total number of CGI+/CGI− or Metlow/Methigh in each
chromosome). As runs values (Z-score) form standardized
normal distribution (� = 0, � = 1) in completely random-
ized orders (35), P-values were calculated as the area-under-
curve under the normal distribution.

Gene homology analysis (Basic Local Alignment Search
Tool: BLAST)

To measure the level of homology between neighboring
gene pairs in Figure 4B, we performed BLAST analysis
using whole protein-coding genes in the genomes. Since
the BLAST e-values are sensitive to the target database
size, we fixed the db parameter as all protein-coding genes
in the genome of each species, and performed all-by-all
TBLASTX analysis using each single protein-coding gene
as a query. Neighboring gene pairs with an e-value <1 ×
10−10 were considered homologous pairs.

Hi-C data analysis

Hi-C data were listed (on 19 March 2020) and downloaded
from Sequence Read Archive (SRA) from the National
Center for Biotechnology Information (NCBI) database
and Encyclopedia of DNA Elements (ENCODE). FASTQ
files were extracted with the SRA Toolkit version 2.5.5,
and aligned using Bowtie 2.3.2 to the reference genomes
(30). For downstream analysis, hypergeometric optimiza-
tion of motif enrichment (HOMER) 4.11.1 (36) was used
with 50 kb resolution. Principal component analysis (PCA)
was performed using runHiCpca.pl. All Hi-C data used in
this study are summarized in Supplementary Table S4.

TF binding motif analysis

TF binding motifs that are enriched in one gene group
(Methigh/CGI− or Metlow/CGI+ genes) over the other were
identified in each species using analysis of motif enrich-
ment (AME) 5.0.4 of the multiple expectation maximiza-
tion for motif elicitation (MEME) Suite (37) with default
parameters (Supplementary Table S5). Occurrence of these
selected motifs at the 10 kb-surrounding regions of TSSs
of two types of genes are shown as heatmaps (Figure 5D).
The significances of the differences in the motif occurrences
were tested using Wilcoxon signed-rank test. Known motif
database was downloaded from HOMER Motif Database
(‘HOMER Known Motifs’) (36).

Gene ontology analysis

Gene ontology data were downloaded from BioMart of
Ensembl genome database (38). Gene overlaps between all
Methigh/CGI− and Metlow/CGI+ genes of each species
and gene ontology were first calculated using hyperge-
ometric distribution as we previously described (16,17).
Based on this result, we listed Gene Ontology that are
enriched (P-values less than 1 × 10−15) in any gene
group/species. As the Gene Ontology annotation depths
and qualities vary in various species, traditional over-
lap analyses (i.e. hypergeometric/binomial distribution,
Fisher’s exact test) that are dependent to gene set size were
not suitable for the fair evaluation of gene set overlaps.
Therefore, we performed the permutation tests (100 times)
and measured the overlaps between each gene group and
Gene Ontology as the skewness from random expectation
(Z-score).

RESULTS

Promoter CpG methylation analysis indicates conserved gene
type divergence in vertebrates and plants

To test whether gene type divergence is common in
non-mammalian eukaryotic species, we performed meta-
analyses of genomic and epigenomic signatures. We first
focused on the epigenetic modification mediated by cy-
tosine methylation. Among four nucleotides constituting
the eukaryotic genome, cytosine is the only nucleotide
that can be methylated. Notably, the surrounding se-
quence context is important for cytosine methylation.
For instance, except for rare cases (e.g. neuronal lin-
eages (39,40)), only cytosines within CpG dinucleotides
are globally methylated in mammals. In plants, virtually
any cytosine in multiple different sequence contexts (usu-
ally classified as C(p)G, C(p)H(p)H, C(p)H(p)G, where H
corresponds to A/T/C and (p) indicates phosphodiester
bond between neighboring nucleotides) can be methylated
(41,42).

We focused on the fact that mammalian CGI+ and
CGI− genes exhibit distinct promoter CpG methylation
patterns (Figure 1A) (16,17). As shown in Figure 1B, sev-
eral non-mammalian eukaryotes (i.e. non-mammalian ver-
tebrates & plants) also have global CpG methylation, but
do not have CGIs in their genome. Therefore, we rea-
soned that promoter CpG methylation signatures in these
species will allow us a glimpse into their gene regulatory
mechanisms.

We specifically collected publicly available gene expres-
sion (mRNA-seq) and CpG methylation (WGBS-seq) data
generated from same tissue and developmental stage of
mammals, non-mammalian vertebrates & plants (Supple-
mentary Tables S1 and S2), and monitored the relationships
between promoter methylation and transcriptional activ-
ity of the associated genes. Two-dimensional plots in Fig-
ure 1C show the CpG methylation levels at human and
mouse promoters as a function of the expression levels of
associated genes. Among all genes of human and mouse
(upper left plots in Figure 1C), the majority of highly ac-
tive genes (i.e. RPKM > 100) are unmethylated in CpG
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Figure 4. Genomic arrangement of the two types of promoters. (A) Order randomness test (Runs test) of CGI-/Methigh and CGI+/Metlow genes in each
chromosome. Left panel shows a schematic representation of the Runs test (top) as well as examples of randomly arranged genes and well-organized
genes (bottom). Runs test measures the occurrence of transitions from one gene type to another in linear order (e.g. from CGI–/Methigh to CGI+/Metlow

or vice versa; recursive arrows in the left panel) that is further standardized (using the equation shown in the left panel, where n1 and n2 indicate the
numbers of CGI–/Methigh and CGI+/Metlow genes, respectively; for the detail, see also Methods). Note that most chromosomes have negative runs score
(Z), indicating a strong linear separation between CGI–/Methigh and CGI+/Metlow. (B) Homologous portion among all neighboring iso-type gene pairs
(e.g. neighboring CGI–/Methigh gene pairs, or neighboring CGI+/Metlow gene pairs). Levels of homology among neighboring gene pairs were calculated
as e-values from all-to-all protein-coding gene BLAST analyses (for detail, see Materials and Methods). Neighboring gene pairs with e-values less than 1
× 10−10 were considered as homologous gene pairs. (C) Genomic landscapes and Hi-C PC1 values in CGI−/Methigh (red) or CGI+/Metlow (black) gene
clustered regions. (D) Hi-C PC1 values in CGI−/Methigh (red) or CGI+/Metlow (black) gene clustered regions. **P < 10−5, *P < 10−3, n.s: P > 0.01.
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Figure 5. Distinct transcriptional regulation in two gene types. (A–C) Expression broadness measured as the portion of RNA-seq data expressing given
genes over RPKM 0.5. Genes are sorted according to the expression broadness. (D) Occurrence for known TF binding motifs at the 10 kb-surrounding
regions of TSSs of two gene types.

sites within their promoters. However, the promoters of in-
active genes (i.e. RPKM < 0.1; blue boxes. See also the
lower bar plots) show mixed methylation patterns; some
are methylated, while the others are unmethylated. Interest-
ingly, when these patterns are monitored separately, mam-
malian CGI+ and CGI– genes exhibit completely distinct
promoter methylation patterns (center and right graphs in
Figure 1C). As shown in our previous studies (11,16,17),
CGI– promoters gain a high level of CpG methylation when
transcriptionally inactive. On the other hand, CpG sites
within CGI+ promoters remain unmethylated regardless of
the transcriptional activities of associated genes. This shows
that the mixed methylation levels in inactive promoters orig-
inate from the mixture of two types of promoters: with or
without CGIs. These data also indicate that the promoter

methylation analysis can be a valid approach in defining the
types of gene promoters.

Based on these observations, we questioned whether the
species lacking CGIs also have gene type divergence similar
to mammals. Specifically, we investigated CpG methylation
levels in the promoters of non-mammalian vertebrates and
plants (Figure 1D, E). Interestingly, inactive promoters of
both non-mammalian vertebrates (zebrafish and frog; Fig-
ure 1D) and plants (arabidopsis, two rice species, and maize;
Figure 1E; for non-CpG methylation, see Supplementary
Figure S1) can also be subdivided into two types, i.e. methy-
lated and unmethylated. These data strongly suggest that
the dual-mode of gene regulation we observed in mammals
(Figure 1A) (16,17) may also exist in these non-mammalian
eukaryotic species.
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Gene type classification guided by integrative epigenome
analyses.

Based on these observations, we defined the two types of
promoters within the species lacking CGIs. For this, we
again focused on the distinct CpG methylation patterns
shown in mammalian two promoter types: i.e. CGI+ pro-
moters that are constitutively unmethylated versus CGI–
promoters changing the promoter methylation level dur-
ing regulation. Unlike Figure 1C–E showing the methyla-
tion pattern in a single tissue/context, here, we collected all
available methylation data (WGBS-seq) in each species gen-
erated from variable contexts (i.e. various cell/tissue types,
developmental stages, diseases, and injuries, etc; Supple-
mentary Table S2). Using this, we then measured each pro-
moter’s maximal CpG methylation levels in various con-
ditions. As shown in Figure 2A, maximal CpG methyla-
tion levels of all promoters show clear bimodal distribu-
tions both in human and mouse. This bimodality clearly
reflects the CGI-ness of the promoters; CGI– promoters
can be methylated during their regulation (red; max CpG
methylation ≈ 1), while most CGI+ genes are not engaged
in methylation (black; max CpG methylation ≈ 0).

Figure 2B shows the cases in species that do not have CpG
islands (i.e. non-mammalian vertebrates and plants). Inter-
estingly, the maximal promoter CpG methylation levels in
these species also show strong bimodalities: some promot-
ers can be methylated (as in mammalian CGI– genes), while
the others cannot (as in CGI+ genes). Here, we defined two
classes of promoters within each of these species (i.e. Methigh

(high methylation level, red) versus Metlow (low methylation
level, black) in Figure 2B), and then further investigated the
differences between them.

Heatmaps of Figure 2C show the global CpG methyla-
tion (5’me-CpG) ratio at the promoter surrounding regions.
As shown in our previous study, mammalian CGI+ promot-
ers are clearly unmethylated regardless of transcriptional
activities of associated genes. On the other hand, CGI–
promoters are preferentially methylated, and exhibit nar-
row demethylation only when they are transcriptionally ac-
tive. As expected, our newly defined Metlow genes in CGI-
lacking species are also unmethylated at the surrounding
regions of the promoters at all level of transcriptional ac-
tivities, which is similar to CGI+ genes. In contrast, pro-
moters of Methigh genes are largely methylated both in non-
mammalian vertebrates and plants (Figure 2C). This data
shows that even for the species without clear CGIs, there
exist two distinct types of genes that are regulated differ-
ently.

Sequence characteristics of Metlow and Methigh promoters.

Mammalian CpG islands are speculated to be the byprod-
ucts of cumulated CpG depletion within genome (20,43).
CpG depletion, a process in which the genome loses CpG
dinucleotides globally due to the irreversible deamination
of methylated CpG, is often observed in species with global
CpG methylation (Supplementary Figure S2). In human,
cytosine and guanine each cover 20.4% of total nucleotides
of the genome; thus, over 4% of total dinucleotides are
expected to have CpG sequences (i.e. expected CpG fre-
quency; 0.204 × 0.204 = 0.0418). However, the observed

CpG frequency in human genome is only 0.98%, reflect-
ing significant genome-wide depletion of CpG dinucleotides
throughout generations (Supplementary Figure S3A). In-
terestingly, CpGs in CGIs constitutively remain unmethy-
lated (Figure 2A, C), thus are protected from deamination
of methylated CpG throughout generations and sustain rel-
atively higher CpG frequencies compared to other parts of
genome.

Here, we questioned whether our newly defined Metlow

and Methigh genes also share similar sequence character-
istics as their mammalian counterparts. Figure 2D shows
the frequencies of CpG at the near surrounding regions of
two types of promoters. As expected from the definition
of CGIs (18,19), mammalian CGI+ promoters have dra-
matically higher CpG frequencies compared to surround-
ing regions (Figure 2D, left). On the other hand, CGI– pro-
moters do not show significantly higher CpG frequencies
compared to surrounding regions. These are well aligned
with the CpG depletion level (i.e. observed/expected CpG
frequency; Supplementary Figure S3B), indicating that the
majority of mammalian genome, but not CGIs, have experi-
enced serious CpG depletion (see also Supplementary Fig-
ures S2A and S3A, S3C).

Promoters of species lacking CGIs show strikingly dif-
ferent sequence characteristics. In non-mammalian verte-
brates, only narrow surrounding regions of Metlow promot-
ers show relatively milder increase of CpG sequences and
lower CpG depletion levels compared to mammals (Fig-
ure 2D; see also Supplementary Figure S3B). This pattern
is well aligned with the prior report demonstrating that
CGI-like elements in non-mammalian vertebrates (non-
methylated islands: NMIs) (44) tend to have less signif-
icant enrichment of CpG sequences compared to mam-
mals. Plant genomes exhibit substantially less significant
CpG depletion compared to vertebrates (Supplementary
Figure S3B, lighter blue colors; see also Supplementary Fig-
ure S2A). Interestingly in plants, not only Metlow but also
Methigh promoters have enriched CpG frequencies com-
pared to surrounding regions (Figure 2D).

Our data imply several important facts underlying eu-
karyotic genome specializations and their gene regulatory
mechanisms. Most of all, the unique sequence characteris-
tics of CGIs could be formed in a specific environment that
only mammalian genome has been exposed to (i.e. exten-
sive CpG depletion along with high CpG methylation lev-
els; Supplementary Figures S2 and S3). On the other hand,
non-mammalian vertebrate and plant genomes have been
much less CpG depletions; thus, even if they have DNA ele-
ments functioning like mammalian CGIs, they cannot have
similar sequence characteristics as mammalian CGIs. Con-
comitantly, when DNA elements having the sequence char-
acteristics of mammalian CGIs (i.e. GC content > 50%;
length > 200 bp; CGobserved/expected > 0.6) are defined in non-
mammalian species, they are generally not associated with
gene promoters (Supplementary Figure S4). These data in-
dicate that prior approaches to define CGI-like elements
in plant genome based on sequence characteristics (45,46)
were not suitable to detect the divergence of gene regulatory
mechanisms.

Notably, most vertebrate cells have only one sequence
context (CpG) where cytosines are globally methylated.
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However, plants have three different methylatable se-
quence contexts (CG, CHG, CHH; Supplementary Fig-
ures S1 and S5) (41,42). Despite these specialized DNA
sequence/methylation patterns distinct from mammals,
plants still sustain two distinct types of promoters (Fig-
ure 2B). This implies that the divergence of promoter
types had occurred before each species obtained special-
ized genomic/epigenomic characteristics, establishing dual-
mode gene regulation as a fundamental feature of higher
eukaryotic species.

Conserved dual-mode gene regulation in vertebrates and
plants.

Based on these observations, we further investigated how
those two types of promoters are regulated by distinct mech-
anisms. Figure 3A shows the chromatin accessibilities mea-
sured by DNase- or ATAC-seq. As we previously reported
(16,17), mammalian CGI+ promoters sustain high chro-
matin accessibilities even when the associated genes are
transcriptionally inactive (Figure 3A, left). On the other
hand, CGI− promoters exhibit chromatin accessibilities
only when the associated genes are actively expressed.

Metlow promoters both from non-mammalian vertebrates
and plants also have higher level of chromatin accessibili-
ties compared to Methigh promoters at all level of transcrip-
tional activities (Figure 3A; P < 0.001 in all cases). Notably,
this pattern is commonly observed in various cell/tissue
types (Supplementary Figure S6A). High level of chromatin
accessibility (Figure 3A) and unmethylated CpG (Figure
2A–C) are characteristics of euchromatin (3,4). Our data
suggest that Metlow promoters would generally remain as
euchromatin even when they are transcriptionally inactive,
similar to their mammalian counterparts, CGI+ genes.

Our previous study showed that mammalian CGI+
genes are inactivated by Polycomb proteins, while CGI–
genes are silenced by heterochromatin formation. To test
whether Metlow and Methigh genes of non-mammalian
vertebrates/plants are inactivated by similar mechanisms,
we further analyzed published ChIP-seq datasets. As shown
in Figure 3B, inactive Metlow promoters are enriched with
H3K27me3, marks of Polycomb-mediated gene repression,
while Methigh genes are depleted with H3K27me3 (P < 2.2
× 10−16 in all cases; see also Supplementary Figure S6B).
These data imply that Polycomb-mediated gene repression is
clearly limited to Metlow genes, but not to Methigh genes. On
the other hand, H3K9me2/3, marks of heterochromatin,
are largely enriched at the broad surrounding regions of
inactive Methigh genes but not Metlow genes regardless of
cell/tissue types, implying that heterochromatin formation
mediated gene inactivation is limited to Methigh genes (Fig-
ure 3C and Supplementary Figure S6C; P < 2.2 × 10−16 in
all cases).

Our comparative epigenome analyses clearly show an
important logic in global gene regulation that is broadly
conserved in higher eukaryotes with global DNA methy-
lation. We demonstrate that all species we have tested in
this study invariably have two types of genes: one group
of genes is generally regulated by interconversion between
euchromatin and heterochromatin [i.e. CGI– (mammals)
and Methigh (non-mammalian vertebrates, plants) genes],

while the other group preferentially forms euchromatin even
when they are transcriptionally inactivated by Polycomb
proteins (i.e. CGI+ and Metlow genes).

Genomic arrangement of Metlow and Methigh genes reflects
their regulatory mechanisms.

An organism’s current genome is the cumulative outcome of
chromosomal mutation events that have occurred through-
out generations (47), thus reflecting the intracellular envi-
ronment that each gene has been exposed to (48). As our
previous study demonstrated that the gene arrangement
in mouse genome indeed reflects gene regulatory mecha-
nisms (16), we further investigated how our newly defined
Metlow and Methigh genes are arranged in the genome. Fig-
ure 4A shows the order randomness test (Runs test (35)) of
Metlow and Methigh genes in each chromosome of the eight
eukaryotic species. Our data demonstrate that Metlow and
Methigh genes are linearly separated in most chromosomes;
Metlow genes are clustered together in some part of chromo-
somes, while Methigh genes are also similarly concentrated
in other part of chromosomes. CGI+ and CGI– genes in
mammalian genomes also show similar pattern (Figure 4A)
as we previously reported (16).

Figure 4B shows the neighboring gene homology analy-
sis performed by BLAST (Basic Local Alignment Search
Tool). In most eukaryotes tested, especially in mammals
and vertebrates, neighboring Methigh (or CGI– in mam-
mals) gene pairs tend to have a significantly higher chance to
be homologous to each other when compared to Metlow (or
CGI+) gene pairs. This shows that local gene duplication
patterns are better sustained in CGI–/Methigh genes rather
than CGI+/Metlow genes. Intriguingly, the differences in
proportion of homologous gene pairs between Metlow and
Methigh genes were much lower in the four plant species
tested as well as being a lower proportion overall. This may
reflect a lack of selective pressure to produce or preserve
clusters of homologous genes in plants. Notably, the local
gene duplication patterns are sequestered by chromosomal
translocations (47,49), frequently occurring among spa-
tially proximal regions (48,50). These data are well aligned
with our observation that Metlow and Methigh (CGI+ and
CGI– in mammals) genes are regulated by distinct mecha-
nisms (Figure 3). Metlow (CGI+ in mammals) genes are gen-
erally placed at the interaction-prone environments (i.e. eu-
chromatin), while Methigh (or CGI−) genes are generally lo-
cated at interaction-depleted environments (i.e. heterochro-
matin).

We additionally tested whether this pattern is also sup-
ported by recent chromatin conformation analysis data. As
Principal Component Analysis (PCA) of Hi-C data clas-
sifies the genome into euchromatin (high PC1) and hete-
rochromatin (low PC1), we collected available Hi-C data
and measured PC1 values in Metlow and Methigh (CGI+
and CGI– in mammals) gene clusters. As shown in Fig-
ure 4C and D, Metlow (or CGI+) gene clusters had signif-
icantly higher PC1 values compared to Methigh (or CGI−)
gene clusters, demonstrating that Metlow/CGI+ genes gen-
erally form euchromatin while Methigh/CGI− genes form
heterochromatin.
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Distinct transcriptional regulation of Metlow and Methigh

genes.

One of the most well characterized differences between
mammalian CGI+ and CGI− genes is their expression pat-
tern (17,19,20). CGI+ genes are broadly expressed through-
out the body, while CGI– genes typically remain silent
in most environments and are expressed in a context-
dependent manner. In order to test whether their non-
mammalian counterparts, Metlow and Methigh genes, also
show similar expression patterns, we performed a large-
scale gene expression analysis by integrating published
mRNA-seq data generated from various tissues and devel-
opmental stages of each species (Supplementary Table S1).

Figure 5A shows gene expression broadness measured
as the portion of samples expressing given genes (RPKM
> 0.5). As discussed above, CGI+ genes exhibit signifi-
cantly broader expression patterns than CGI– genes show-
ing much narrower expression patterns (P < 2.2 × 10−16 in
both human and mouse). In parallel to this pattern, Metlow

genes in non-mammalian vertebrates and plants also exhibit
broader gene expression patterns compared to narrowly ex-
pressed Methigh genes (Figure 5B, C; P < 2.2 × 10−16 in all
cases).

Aligned with these distinct gene expression patterns,
Metlow and Methigh genes also have distinct functions
(GO (Gene Ontology) analysis; Supplementary Figure S7).
Broadly-expressed Metlow genes tend to encode proteins
involved in general maintenance functions that are essen-
tial for every cell, such as the regulation of gene expres-
sion process (i.e. transcription, translation, modification,
transport), cell cycle progression, and division (Supplemen-
tary Figure S7A, S7B), and this pattern is similar to mam-
malian CGI+ genes. On the other hand, genes involved
in highly context-specific behaviors like cell-to-cell signal-
ing and innate immune response are strongly enriched in
Methigh genes (Supplementary Figure S7A, S7B).

Figure 5D show the occurrence of known TF binding
motifs at the promoter surrounding regions. Interestingly,
mammalian CGI– promoters are largely enriched with TF
binding sites compared to CGI+ genes. In parallel, Methigh

genes in most CGI-lacking species (except for A. thaliana)
are also enriched with sequence-specific TF binding motifs
compared to Metlow genes (P < 2.2 × 10−16 in all cases).
These data suggest that the context-dependent expression
of Methigh genes would be directly controlled by cell type-
and stage-specific TF bindings. This is also supported by
the data shown in Supplementary Figure S8 and Table S5,
where the majority of cell/tissue type- and stage-specific
TF binding motifs are commonly enriched in Methigh (and
mammalian CGI–) promoters. However, Metlow promot-
ers are depleted with TF binding motifs indicating that
these genes are primarily regulated by the mechanisms be-
yond TF-mediated transcriptional regulations. These data
are well-aligned with our prior observation made in mam-
mals (16): traditional TF-mediated transcriptional regula-
tion mechanism (i.e. local enhancer-loop model) explains
the regulation of CGI− genes, not CGI+ genes, where the
expressions are controlled by additional layer of regulations
(i.e. long-range chromatin interactions (16) and PolII pre-
loading/pausing/releasing (17,51)).

Interestingly, A. thaliana genome has unique characteris-
tics that are distinct from other plants. Unlike other plant
species, in A. thaliana, Methigh genes cover only a very
small portion of the entire genome (5.3%; compared to
16.1%/22.2% in O. sativa japonica/indica and 26.7% in Zea
mays; see Figures 1E and 2B). Moreover, over half of these
Methigh genes are detected at centromeric/pericentromeric
regions (i.e. 54.8% are within 3 Mb surrounding cen-
tromeres; the corresponding portion in Metlow genes are
only 9.1%; P < 1 × 10−10). This pattern is also observed
as a more dramatic linear separation between Metlow and
Methigh genes compared to other plants (Figure 4A). In ad-
dition, Methigh genes in A. thaliana do not have a large num-
ber of TF binding motifs as in other plants (Figure 5D).
These data indicate that the gene regulation program in
A. thaliana has diverged from other plant species and spe-
cialized into the unique direction using Polycomb-mediated
gene inactivation as a major gene inactivation mechanism.
However, this does not exclude alternate hypotheses, such as
the possibility that TFs in A. thaliana may have less binding
selectivity for their canonical motifs. Despite these species-
specific characteristics, all species we tested here still have
common gene type divergence. These results emphasize that
the dual-mode gene regulation program is a fundamental
feature of eukaryotic gene regulation established long be-
fore the genome specialization of each species.

Conserved divergence in gene regulation mechanisms of D.
melanogaster and C. elegans.

Other than the species tested thus far, C. elegans and
D. melanogaster are broadly used non-vertebrate animal
models and lack CGIs in their genome. Since they have
heterochromatin/euchromatin distinction and have Poly-
comb machineries (Figure 1B), we further questioned
whether the dual-mode gene regulation is also conserved
in these non-vertebrate animals. Due to the lack of
global DNA methylation, promoter classification by CpG
methylation patterns (Figure 2A, B) were not applica-
ble in these species. Therefore, we collected ChIP-seq
data showing the signs of Polycomb-mediated gene re-
pression (H3K27me3) and heterochromatin-mediated gene
silencing (H3K9me2/3) marks generated from various
tissues/contexts of C. elegans and D. melanogaster (Supple-
mentary Table S4). We then measured the maximum Poly-
comb and heterochromatin signals in each promoter (Fig-
ure 6). Interestingly, our data show clear L-shaped distribu-
tions both in C. elegans and D. melanogaster. This is similar
with the case in human (Figure 6A). These L-shaped dis-
tributions show an important underlying logic in the gene
regulation within these species: Polycomb-mediated gene re-
pression and heterochromatin-mediated gene silencing are
mutually incompatible: some genes are programmed to be
regulated by Polycomb proteins, while others are regulated
by heterochromatin formation, and these distinctions are
not interchangeable. These results show that the divergence
of gene regulatory mechanisms that we observed in verte-
brates and plants (Figures 1–5) also exist even in the an-
imal models lacking global DNA methylation and CGI
elements.
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Figure 6. Mode of gene regulations in model animals lacking global CpG methylation. (A) Two-dimensional plots showing H3K27me3 and H3K9me3
signals at the promoters of protein-coding genes in human embryonic stem cells. Note that Polycomb (x-axis, H3K27me3) and heterochromatin (y-axis,
H3K9me3) marks form L-shaped distribution, reflecting their mutual exclusiveness. (B, C) Two-dimensional plots showing maximum Polycomb (x-axis:
H3K27me3) and heterochromatin (y-axis: H3K9me2/3) mark signals at the promoters of protein-coding genes in fruit fly (B) and nematode (C). (D, E)
CpG frequencies, H3K27me3, and H3K9me2 signals at the 10 kb-surrounding regions of TSSs of genes are shown as heatmaps.
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Figure 7. Models of dual-mode gene regulation in mammals (A) and non-mammalian eukaryotes (B). Note that only mammalian genomes have experienced
strong CpG depletion, thus CGIs have unique sequence characteristics distinguishable from other part of genome. However, species lacking CGIs also
have conserved dual-mode gene regulation programs.

DISCUSSION

As summarized in Figure 7, our study clearly demon-
strates that the dual-mode gene regulation is a shared
trait across different higher eukaryotes. One class of
genes is regulated by inter-conversion between heterochro-
matin and euchromatin, and is expressed and functions
in context-dependent manners (i.e. mammalian CGI– and
vertebrate/plant Methigh genes). The other class of genes
remains as euchromatin even when repressed by Polycomb
proteins and exhibits broad expression patterns and have
general functions essential for all cell/tissue types (CGI+
and Metlow genes).

We also show that some species have gained spe-
cialized characteristics distinct from others. In C. ele-
gans, H3K9me3 has specialized function different from
H3K9me2: H3K9me3 co-localizes with Polycomb mark
(H3K27me3) rather than heterochromatin (H3K9me2)
(33,34). Vertebrates have only one sequence context (CG)
where cytosines are globally methylated, unlike plants with
three different methylatable sequence contexts (CG, CHG,

CHH; where H corresponds to A, T or C) (41,42). A.
thaliana have unique TF binding motif occurrence patterns
distinct from other plants and vertebrates (Figure 5D). Un-
like vertebrates and plants, C. elegans and D. melanogaster
do not have genome-wide global CpG methylations. No-
tably, all these eukaryotes with distinct characteristics con-
sistently sustain dual-mode gene regulation programs. This
indicates that this divergence of gene regulation mechanism
is a fundamental and important characteristic of multi-
cellular eukaryote systems that have been established long
before each species to have specialized genome characteris-
tics.

One question here is what would be of benefit to hav-
ing two independent gene regulation programs within an
organism. It is noteworthy here that the genes expressed
in context-dependent manners (i.e. mammalian CGI– and
vertebrate/plant Methigh genes in Figure 5) tend to fulfill
tissue-specific functions rather than more universal biolog-
ical processes. Our study shows that these silent genes gen-
erally form condensed heterochromatin (Figure 3C), which
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was often shown to be tethered to the nuclear periphery in
various species (5,16,48,52–54). It is obvious that the spa-
tial separation of these rarely expressed genes away from
active nuclear compartments is beneficial for suppressing
their misexpression, as well as for saving energy and re-
sources required for their maintenance. Our data also indi-
cate that linear gene arrangement is optimized for the ef-
ficient spatial segregation between distinct types of genes
(i.e. co-clustering of same type of genes & linear separation
between distinct gene types; Figure 4).

On the other hand, CGI+/Metlow genes are broadly ex-
pressed (Figure 5A) and are responsible for the general
functions that are essential for every cell/tissue, or for the
regulation of organism development (Supplementary Fig-
ure 7). Consistently, our previous study indicates that the
strict regulation of CGI+ gene expression levels is criti-
cal for mammalian survival and development (17). Our
data also demonstrated that the transcriptional activities of
mammalian CGI+ genes are more tightly regulated by fine
balancing of activators and repressors occupied on CGIs
(e.g. MYC and PRC class proteins (16,17)). Similarly, activ-
ities of developmental genes in fruit fly (55–57) and plants
(58,59) are also sharply controlled by balancing of activa-
tors and repressors (i.e. Trithorax and Polycomb group pro-
teins) bound on TRE/PRE (Trithorax/Polycomb respon-
sive elements).

Another question is what the determinant of the types
of gene regulation is. One of the plausible culprits is
ZF-CxxC (zinc finger-CxxC) domain-containing proteins
(24,60–62). In mammals and non-mammalian vertebrates,
CxxC domain-containing proteins constantly bind to un-
methylated CGIs (or NMIs in non-mammalian vertebrates
(44)) in tissue-/cell type-independent manners (44,60,61).
Along with the binding of these proteins, CGIs/NMIs re-
main unmethylated even when repressed, which is a key
characteristic of euchromatin. In addition, integration of
artificial CGI-like DNA sequence into a gene desert in
mouse embryonic stem cells successfully recapitulated the
binding of CxxC domain proteins, as well as the formation
of CGI-like epigenome (i.e. CpG demethylation and gain
of H3K27me3) (63). These indicate that, in mammals, the
mere presence of CGIs is enough for a gene to be bound
by CxxC proteins that, in turn, enable a distinct gene reg-
ulation program from the genes lacking CGIs. Notably,
CxxC domain-containing proteins are broadly conserved
in multi-cellular eukaryotic organisms that were shown to
have dual-mode gene regulation programs in this study
(mammals (61), non-mammalian vertebrates (44), plants
(42), D. melanogaster (64) and C. elegans (65,66)). Identi-
fication of CxxC-binding target regions in these species will
allow a deeper understanding of shared eukaryotic gene reg-
ulatory mechanisms.
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