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ABSTRACT

Epigenetic machinery contributes to gene regulation in eukaryotic species. However, the machin-
ery including more than 600 epigenetic regulator (ER) genes responsible for reading, writing, and
erasing histone modifications and DNA modifications remains largely uncharacterized across
species. We compile a comprehensive list of ERs based on an evolutionary analysis across 23
species, which is the most comprehensive ER list in various species until recently. We further
perform comparative transcriptomic analyses across different tissues in humans, mice, as well as
other amniote species. We observe a consistent tissue-of-origin expression specificity pattern of
duplicated ER genes across species and suggest links between expression specificity and ER gene
evolution as well as ER function. Additional analyses further suggest that ER duplication can
generate tissue-specific ER genes with the same epigenetic substrates, which may be closely
related to their regulatory specificity in tissue development. Our work can serve as a foundation to
better comprehend the tissue-specific expression patterns of ER genes from an evolutionary
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perspective and also the functional implications of ERs in tissue-specific epigenetic regulation.

Introduction

Epigenetics, a study of heritable traits that are not
encoded in DNA sequences, has become as the key
to dissect the regulatory mechanism behind cell
phenotype. Researchers have found hundreds of
Epigenetic regulators (ERs) that can read, write,
erase specific cytosine or histone residues and
remodellers in a cell context-dependent fashion
[1]. Chromatin regulators, the major component
of ERs, include many well-studied proteins/
enzymes, which can be generally categorized as
DNA methylators (methyltransferases), histone
modifiers (methyltransferases/demethylases, his-
tone acetyltransferases/deacetylases) and chroma-
tin remodellers [1]. For example, histone
acetyltransferases and deacetylases can add and
remove acetyl-groups to/from lysine on histone
N-terminal tails [2]. The ER genes may involve
in the proper regulation of the downstream gene
expression, which is necessary for the maintenance

of cell development and tissue function [3]. The
regulatory roles of specific ERs in tissue, cell devel-
opment, and cancer progression were reported
before in specific tissues or diseases [4-7].
However, a comprehensive collection and com-
parative expression characterization of ER genes
across species is still lacking.

Several databases hosting epigenetic regulators
or chromatin regulators are already available, for
instance, EpiFactors [8], dbEM [9] and CR2Cancer
[10] databases contain a comprehensive ER gene
list in human cancer and associated omics annota-
tions. In addition, Xu et al. collected hundreds of
histone acetylation and methylation regulators
across eight species from literature and built
a database WERAM [11]. However, no compre-
hensive database including all kinds of epigenetic
regulators (DNA/histone mark readers/writers/
erasers/remodellers) across representative species
in Eukaryota exists until recently.
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Previously, the expression of ERs was mainly
characterized in cancer and neurological diseases.
For example, Boukas et al. characterized 295 ER
genes based on loss-of-function variation data and
found that the ER genes were generally intolerant
to loss-of-function variation [12]. Many ER genes
in their study were co-expressed within multiple
tissues in The Genotype-Tissue Expression
(GTEx) project. Hu et al. characterized the geno-
mic alterations of 73 histone acetylation regulatory
genes based on the Cancer Genome Atlas (TCGA)
gene expression and copy number alteration data
[13]. The limitation of Hu et al.’s study is that they
only focused on histone acetylation regulators.
Instead, Lu et al. performed an integrative inves-
tigation of comprehensive human ER genes based
on somatic mutations, gene expression, miRNA
regulation in cancer, as well as epigenetic modifi-
cations and protein—protein interaction (PPI) net-
work data, and characterized cancer-specific ER
genes and non-cancer-specific ER genes using
functional data [14]. They also found that specific
ER genes were associated with cancer subtypes.
Altogether, a comprehensive compilation as well
as systematic expression and evolutionary analyses
of ERs in normal tissues and major species is still
necessary.

In this study, we compiled a comprehensive list
of ERs and identified the evolutionary history of
human ER genes based on 23 species from major
phylogenetic clades. Our functional genomic ana-
lyses revealed that the identified duplicated gene
and ancestor gene pairs kept similar expression
and function. We also analysed the gene expres-
sion patterns of the compiled ER genes in human
and mouse as well as in ten amniote species and
demonstrated that the ER genes exhibited a clear
tissue-specific gene expression pattern. Our ana-
lyses also suggest that ER duplication events can
generate tissue-specific ER genes with same epige-
netic substrates, but may be associated with dis-
tinct regulatory function. Taken together, our
work reported an overall more correlated expres-
sion pattern than would be expected as well as an
unanticipated consistent tissue-of-origin expres-
sion specificity for specific ER genes across species
and tissues, which may serve as a foundation for
understanding the link between gene evolution
and epigenetic regulation in the future.

Materials and methods
Data sets

In this paper, the data of human mRNA expres-
sion levels as measured by TPM (transcripts per
kilobase million) were retrieved from the resources
as follows: (1) the mRNA expression datasets from
the GTEx project [15] for the human tissues; (2)
the mRNA expression datasets from the ENCODE
project for the mouse tissues [16]; (3) the mRNA
expression levels from ten species in amniotes
from the study of Brawand et al. [17].

Compilation of human Epigenetic regulators
(ERs)

The list of human ER genes together with ER type
annotations was obtained from a previous study
[14]. We kept ERs with known ‘histone_type’ or
‘Methylator_type,” resulting in 690 human ERs.
The ER gene list and the functional annotations
(e.g., histone mark reader) were available in
Supplementary Table S1. The analyses done in
this paper were restricted to the human ERs and
the orthologs in other species. For convenience,
gene names in other species were mapped to
human gene names.

Duplication event identification

We chose 25 representative species including 23
Eukaryal species, and two evolutionary outgroups
(bacteria and archaea) to perform phylogenetic
analyses. The species were chosen to make sure
at least one species was selected in major phylo-
genetic clades. We downloaded the complete pro-
teome FASTA files for the 25 species from the
UniProt website [18]. We also retrieved hidden
Markov model (HMM) profiles of the 45 repre-
sentative epigenetic domains from the pFAM
database [19], the selection of the representative
epigenetic domains was based on a previous paper
[12]. Each HMM profile was then used to search
the proteomes from different species by
hmmsearch function (parameters: - notextw -
noali - seed 1) from HMMER software v3.3.2.
Proteins that were above default threshold were
collected as putative ERs. Finally, we compiled
a table of ER ortholog proteins (Supplementary



Table S2), which included additional ortholog
protein annotations that were missed by our com-
pilation but can be rescued by UniProt annota-
tion. OrthoFinder [20] was used to predict
duplication events for each species and epigenetic
domain (parameters: -M msa -A mafft -f).
Phylogenetic trees were visualized by FigTree soft-
ware v1.4.4.

Tissue expression specificity analysis

Tissue expression specificity analysis was done by
calculating TPM values based on the human
mRNA expression datasets from the GTEx and
ENCODE projects. We discarded three tissues
(whole blood, transformed lymphocytes, as well
as transformed fibroblasts) in the GTEx data,
because biases may be introduced from the
extreme values in the three tissues [21]. We
then processed the TPM profiles for the mRNA
expression profiles based on log transformation
(with a pseudocount to avoid zero). A Tissue
specificity (TS) score was defined by the residuals
calculated by rlm function in R, which was pro-
posed by a previous study [21]. An ER was con-
sidered as tissue-specific if its TS score in a given
tissue was > 2.5-fold of standard deviation of
residuals in all tissues.

ER tissue expression analysis in amniotes

We carried out an ER expression analysis on ten
species in amniotes including human (Homo
Sapiens), chimpanzee (Pan Troglodytes), bonobo
(Pan paniscus), gorilla (Gorilla gorilla), orangu-
tan (Pongo pygmaeus), rhesus macaque (Macaca
mulatta), mouse (Mus Musculus), Grey short-
tailed opossum (Monodelphis domestica), platy-
pus (Ornithorhynchus anatinus), and chicken
(Gallus gallus) based on the public mRNA-Seq
data in GEO database with ID GSE30352 [17].
We analysed mRNA normalized Reads Per
Kilobase of transcript, per Million mapped
reads (RPKM) expression levels for amniote
ortholog genes. Then, the tissue-wide mRNA
expression levels were subject to log transforma-
tion (with a pseudocount to avoid zero), followed
by Z-scale processing row-wisely.
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Gene set analyses

ReactomePA pathway overrepresentation analysis
was done by using ReactomePA R package
v1.38.0 [22]. Pathway enrichment analysis was
performed by Enrichr [23] for tissue-specific
genes for the different amniote species. The
gene lists and data that were used to evaluate
the enrichment in the duplicated genes were as
follows: (1) The cancer driver gene list including
1,172 genes that was predicted from the DORGE
paper [24]. (2) The Housekeeping gene (HKG)
list including 3,804 HKGs that was downloaded
from https://www.tau.ac.il/~elieis/ HKG/. (3) The
essential gene list and duplicated gene list that
were also retrieved from the OGEE database [25].
To make our analysis more reliable, we only kept
2,340 essential genes with >2 in entries from the
essential gene list. Gene Ontology semantic simi-
larity analysis was performed by using the
GOSemSim R package v2.20.0 [26].

Statistical analyses

PCA analyses were done based on prcomp func-
tion of R 4.2.0, and figures were generated by
using the first two principal components. Outlier
genes in PCA plots were detected based on
Mahalanobis  distances (calculated by mt
R package v2.0-1.19) of principal component 1
(PC1) and principal component (PC2). Genes
with the largest 10% Mahalanobis distances
were defined as outliers (calculated by quantile
function in R). Gene enrichment analyses were
performed by one-sided Fisher’s exact test
(fisher.test function in R). Two-sided Wilcoxon
rank-sum test was used when comparing values
of pair-wise gene sets in Box plots. Pearson cor-
relation coefficient was used for testing correla-
tion between paired samples (cor function in R).

Code availability

The open-source codes are freely available upon
reasonable request. Codes to generate figures were
tested based on R computing system version 4.2.0.
R package versions used in this study were speci-
fied in the ‘Materials and methods’ section.
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Results

Comprehensive compilation and evolutionary
analyses of Epigenetic regulator genes

Epigenetic regulators (ERs) play an important role in
animal development for eukaryotic species, especially
amniotes. However, to what extent ERs regulated
eukaryotic cell function and how ERs evolved have
not been systematically investigated previously. To
this end, we performed a de novo analysis of the
evolutionary history of the ERs in 25 species including
23 representative eukaryal species, and two evolution-
ary outgroups (bacteria and archaea) as controls
(Supplementary Table S2, see also ‘Materials and
methods’ section). Because of the large number of
epigenetic domains, we only selected 45 representa-
tive epigenetic domains from pFAM database [19] in
our evolutionary analyses. These domains were com-
piled as epigenetic domains based on previous litera-
ture [12]. Orthologs were identified based on Hidden
Markov Model (HMM)-based searches of these epi-
genetic domains against the proteomes of the 25
species (see ‘Materials and methods’). As expected,
the putative ER gene number was proportional to
the size of genomes (Supplementary Table S3). For
example, we obtained six putative ER proteins in
Natronomonas moolapensis and > 2,000 putative ER
proteins in Homo sapiens, respectively. The ER pro-
tein number ratio between Homo sapiens and
Natronomonas moolapensis is ~ 375, suggesting
a robust identification for our phylogenetic analysis.
Gene duplication is an important mechanism
for a specific organism to acquire an ability to
adapt to the environment, further, it may also be
associated with human diseases [27]. Here, 2,482
duplication events were predicted by OrthoFinder
[20] for all the species and investigated domains
(Supplementary Table S4). We summarized the
duplication events for a few representative
domains (Figure la), from which we found the
duplication events were most abundant in Danio
Rerio (also known as Zebrafish) that is
a representative species in Vertebrata, suggesting
many epigenetic domains (e.g., zinc finger, WD40
repeat) may be specifically necessary in the evolu-
tion and developmental regulation of Vertebrates.
For instance, we observed Bromodomain-
containing protein 1 (BRDI), also known as
BRPF2, was duplicated from BRPFI in Zebrafish

(Figure 1b). Recent studies have found that differ-
ent histone modification marks were selectively
preferred by BRD1, BRPF1, and BRPF3 bromodo-
main with varying binding affinities [28-30], sug-
gesting the evolution of bromodomain sequences
may have functional relevance.

Functional genomic analyses of the duplicated
Epigenetic regulator genes

Then, we evaluated if the duplicated ER gene pairs,
i.e., ancestors and duplicated genes, were corre-
lated in gene expression or function. Because
GTEx data contained few tissues, we used a gene
coexpression dataset ~ downloaded  from
COXPRESdb (https://coxpresdb.jp/download/
Hsa-r.c5-0/coex), where gene coexpression corre-
lation Z-scores were calculated based on more
than 10,000 samples. Data of duplicated gene
pairs were extracted from the whole dataset.
Indeed, we found that duplicated ER gene pairs
were more correlated in gene expression than ran-
domly permutated gene pairs based on the human
expression data (Figure lc, Wilcoxon rank-sum
test, p-value = 2.53 x 10~"°'). Our permutation
analysis maintained the order of ancestor genes
but shuffled the order of the duplicated genes
and compared the gene expression correlation fol-
lowed by Z-transformation, which was a rigorous
negative control for exploring genuine relation-
ships between ancestor and descendant gene
pairs. Permutation in Figure 1d,e was also done
in a similar way. Furthermore, we also found that
the duplicated ER gene pairs were more correlated
based on GO Biological Process (BP) semantic
similarity metrics [26] than permutated gene
pairs (Figure 1d, Wilcoxon rank-sum test, p--
value = 2.97 x 107'**) as well as GO Molecular
Function (MF) semantic similarity metrics than
permutated gene pairs (Figure le, Wilcoxon rank-
sum test, p-value = 3.26 x 107>>°). Considering the
duplicated gene pairs may contain genes with ubi-
quitous epigenetic domains (e.g., Chromo, PHD,
zinc finger), the results in Figure 1d,e may be
underestimated due to the rigorous permutation.

We then performed enrichment analyses on
functional gene sets to explore the features of the
duplicated ER genes that we identified in this work
(Figure 1f). We found that 178 duplicated ER
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Figure 1. Evolutionary analysis of Epigenetic regulators (ERs). (a) Heatmap of numbers of ER gene duplication events occurred
in representative domains and species. Duplication events were inferred by OrthoFinder. (b) A phylogenetic tree of BRPF1/3 and
BRD1. Blue squares represent the nodes with duplication occurrence. (c) Duplicated gene expression correlation Z-scores for
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genes were also cancer driver genes that were pre-
dicted by DORGE [24] (Fisher’s exact test, p--
value = 1.86 x 10~°®). In addition, 235 duplicated
ERs were also essential genes that were compiled
by the OGEE database [25] (Fisher’s exact test,
p-value = 1.74 x 107%°) and 279 duplicated ER
genes were also in a previously compiled
Housekeeping gene (HKG) list (Fisher’s exact
test, p-value = 3.19 x 1077%). Interestingly, 49
duplicated ERs were overlapped with the compiled
duplicated genes from OGEE database [25]
(Fisher’s exact test, p-value = 3.85 x 107'%), sug-
gesting that we may present quite more candidate
ER genes across species in our ER list than OGEE.
Altogether, we showed the landscape of the dupli-
cation events of ERs and their possible functional
implications. Specifically, duplicated ER genes
were associated with gene essentiality and many
of them were HKGs, which implied that
a proportion of the investigated ER genes were
actually functionally critical genes across species.
In addition, the duplicated ER genes were also
likely to be candidate cancer driver genes, which
was consistent with the notion that cancer driver
genes can be detected based on somatic mutation
rate that can be modelled by the metrics that had
been widely used in evolutionary studies [31,32].
Considering the functional genomic gene sets we
used may not be comprehensive, the enrichment
results of the duplicated ER genes may be
underestimated.

Conserved tissue-of-origin expression patterns
for ER genes between human and mouse

Given the potential functional implications of the
identified duplicated ER genes, we then examined
the expression patterns of the duplicated ER genes
in different tissues and species. To this end, we inter-
rogated the ER gene expression in tissues of human
and mouse based on publicly available mRNA-Seq
data (Figure 2a). The human genes analysed here
(Supplementary Table S1) were the compiled ER
genes that were evolved from duplicated events or
ancestors. The mouse genes were mapped to human
genes by gene symbols. Interestingly, ERs behave a
largely consistent tissue-of-origin expression pattern
between human and mouse (Figure 2a,b). The pattern
was similar in different functional categories of ERs

(Figure 2a). We found genes in the organs in repro-
ductive system including testis, ovary, cervix, placenta,
as well as the nervous system related tissues (brain and
cerebellum) were highly expressed compared with
that in other tissues/organs (Figure 2a). However,
tissues like liver or heart were associated with few
highly expressed genes. Expression levels of same
tissue origin tended to be correlated (Figure 2b).
However, the expression levels of genes in a specific
tissue in human may also be correlated with
a different tissue-of-origin tissue in mouse compared
with other tissues, for example, colon in mouse and
small intestine in human (Figure 2b). The correlation
of colon in mouse and small intestine in human was
even greater than that of colon in mouse and human
(Figure 2b).

For each human or mouse gene, we calculated
the tissue specificity (TS) score to measure the
heterogeneity of gene expression. TS scores were
previously used to measure the difference of gene
expression in a specific sample with the expression
in all samples (see ‘Materials and methods’). We
found testis of human (Figure 3a) and mouse
(Figure 3b) was a unique tissue based on calcu-
lated TS scores. Expectedly, we found many differ-
entially expressed ERs in testis were well-studied
testis-specific genes (e.g., TNP1, TNP2). By con-
trast, we found many tissues such as Heart had few
differentially expressed ERs (Figure 3a,b).

We also performed PCA analyses on gene
expression in human (Figure 3c) and mouse tissues
(Figure 3e), from which we found many histone
mark writers and histone remodellers appeared to
have higher values in the first and second principal
component in the PCA plots. To further examine
the genes with extreme PCA values, we tried to
identify outlier genes from the two PCA plots,
respectively, based on top 10% largest
Mahalanobis distances. As shown in Figure 3d, we
identified 22 human chromatin remodeller genes as
outlier genes from 143 human chromatin remodel-
ler genes, which was more than expected (Fisher’s
exact test, p = 0.01) (Figure 3d, left panel). 19
mouse chromatin remodeller outlier genes were
identified from 141 mouse chromatin remodeller
genes, though not much more than expected
(Fisher’s exact test, p = 0.07), the p-value was still
the lowest among that of all ER types in mouse
(Figure 3d, right panel). Unfortunately, the
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Figure 3. Analysis of tissue-specific expression for duplicated epigenetic regulator (ER) genes in human and mouse. (a)
Scatter plots showing the mRNA mean abundance in testis and Heart versus all tissues for ERs genes in human. (b) Scatter plots
showing the mRNA mean abundance in testis and heart versus all tissues for ERs genes in mouse. From (a)-(b), testis has more
tissue-specific genes than Heart in human and mouse. Tissue-specific genes in subplots are highlighted in red. (c) Principal
Component Analysis (PCA) of ER gene expression in human tissues. Gene symbols of chromatin remodeller and DNA methylation
eraser outliers are shown. (d) Bar plots of the percentages of the human (c) and mouse (e) outlier ER genes of each ER type in all
outlier ER genes (in PCA plots). As a comparison, the bar plots of the percentages of the ER genes of different ER types in all ER
genes are also shown. Gene numbers are shown above the bars. P-values were calculated by Fisher's exact test. (e) PCA of ER gene
expression in mouse tissues. Gene symbols of chromatin remodeller and DNA methylation eraser outliers are shown. (f) PCA loading

plot of human tissues based on PCA analysis in (c). (g) PCA loadi

ng plot of mouse tissues based on PCA analysis in (e). For PCA plots,

only the first two principal components (PC1 and PC2) are shown. The PCA loading plots in (f) and (g) indicate the contribution of
human or mouse tissues on the first two principal components (PC1 and PC2). The percentage of variance explained by each

principal component is shown in the label of each axis.

numbers of histone mark writer outlier genes were
less than expected (Fisher’s exact test, p = 0.51 for
human and p = 0.21 for mouse genes). We found
20 outlier genes were shared in 69 human and 66
mouse outlier genes, including chromatin remodel-
ler CTCFL, GADD45A, HMG20B, TNPI, TNP2,
ZNF541, histone chaperone BAZIA, ASF1B, histone
mark eraser KDM4D, histone mark reader BRDT,

polycomb group protein SFMBT1I as well as histone
mark writer UBE2T, PRDM9, TTK, PBK, BRCA2,
GSG2, TSSK6, AURKC, AURKA. The PCA loading
results in Figure 3f,g indicated that tissues in the
reproductive system (e.g., testis, ovary, and pla-
centa) and nervous system (bain, cerebellum, and
pituitary) had more tissue-specific ER genes, which
was consistent with Figure 3c,e.



Distinct expression patterns for ER genes with
same epigenetic substrates

We also performed a PCA analysis on human
tissues but only focused on the ERs with definitive
amino acid-specific substrates, which were defined
in a previous study [12], including H3K4/27/36,
H3K9 methylation writers/erasers, H3K27 acetyla-
tion writers, and H3K9 acetylation erasers. We
found H3K4 methylation writer genes including
SMYD1, PRDMY, and SETD7 had noticeably dis-
tinct expression patterns in different human tis-
sues (Figure 4a,b). Similarly, H3K27 methylation
eraser genes including UTY and PHF8 demon-
strated a similar pattern  (Figure 4b).
Interestingly, though we also found that different
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genes with same specific substrates showed gener-
ally similar expression patterns, we still found spe-
cific ER genes that demonstrated distinct
expression patterns from other ER genes with
exactly the same substrate. For example, SMYDI
showed a very different expression pattern com-
pared with SETD7, PRDMY9, and KMT2C.
Altogether, we demonstrated the unique expres-
sion patterns for specific ERs in different tissues.
In addition, we also suggested that ERs with the
same substrates, which may be previously consid-
ered to have redundant biochemical activities, can
be highly tissue-specific, which may be closely
related to their regulatory specificity in tissue
development.

ER Expression in Human Tissues
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Figure 4. Analysis of tissue-specific expression for duplicated epigenetic regulators (ERs) with specific epigenetic substrates
in human tissues. (a) PCA of gene expression in ERs with indicated epigenetic substrates in human GTEx tissues. (b) Heatmap of
log(TPM) values of ERs with indicated epigenetic substrates throughout human GTEx tissues. Data are Z-scale processing row-wisely.
Right-side rectangles represent different ER substrate types and are coloured based on the colour scheme at the bottom left in this
figure.



10 J. WANG ET AL.

Conserved tissue-specific expression patterns for
ER genes across amniote species

Given the generally conserved expression patterns
for human and mouse, it was straightforward to
extend the ER expression analysis to a wider spec-
trum of species in amniotes. Consistent with
Figure 3c-e, we also found that many histone
mark writers and histone remodellers appeared to
have higher values in the first and second principal
component in the PCA plot based on gene expres-
sion in amniotes (Figure 5a, left panel). To further
examine the genes with extreme PCA values, we
also tried to identify outlier genes from the PCA
plot in the same way as the PCA analysis in
Figure 3c-e. As shown in Figure 5a right panel,
we identified nine histone mark writer genes from
88 genes as outlier genes, which was nearly no
difference compared with expected (Fisher’s exact
test, p = 0.49). In addition, we identified seven
chromatin remodeller genes from 55 genes as out-
lier genes, which was more than expected, but not
significant (Fisher’s exact test, p = 0.26).
Consistent with Figure 3d left panel, we also
found DNA methylation eraser genes were much
more than expected (Fisher’s exact test, p = 0.04).
We also observed that no gene was found for the
three ER types in the bar plots (Figure 5a right
panel). In addition, the total gene number ana-
lysed here was quite less than the number of
human ER genes because many ERs were not
available in the gene expression data from specific
species or no consensus gene could be found,
which may lead to an underestimate of p-values
in statistical tests. As expected, nervous system and
testis were also the main outlier tissues regarding
ER expression patterns in amniotes (Figure 5b).
Interestingly, brain and cerebellum (‘little brain’)
in different species grouped together in the PCA
loading plot (Figure 5b), which was consistent
with the fact that the majority of cell types in the
two organs are neurons.

Furthermore, we obtained 72 tissue-specific ER
genes (i.e., differentially expressed genes, DEGs) in
ten amniote species based on the Tissue specificity
(TS) score (see ‘Materials and methods,
Supplementary Table S5). Consistent with
Figure 5b, we also observed a clear separation
among brain, cerebellum, testis, and other tissues

across amniotes based on the clustering of tissue-
specific ER genes (Figure 5c). Interestingly, we
found many tissue-specific ER genes were also
implicated in cancer. For instance, TOP2A, an
exclusively expressed gene in human testis, can
be recurrently dysregulated in various cancer
types [33,34]. A possible mechanism of the impli-
cation of TOP2A in cancer is that it can break
double-stranded DNA and induce gene transcrip-
tion in the process of mitosis [35]. Moreover, the
tissue-specific ER genes were generally enriched in
the functional terms of chromatin organization,
chromatin remodelling, regulation of cell cycle
process, and so on, for different species in
amniotes (Figure 5d). We found that several
terms were enriched in tissue-specific ER genes
in many species (e.g., chromatin organization, reg-
ulation of cell cycle process, meiotic nuclear divi-
sion, histone methylation), while other terms were
only associated with one or two species (e.g., his-
tone monoubiquitination, histone phosphoryl
ation).

We further examined the enriched pathways of
the tissue-specific ER genes. We found that speci-
fic overrepresented reactome pathways in brain-
specific ER genes were related to neurons, for
instance, trafficking of AMPA receptors [36] and
RHO-GTPase effectors [37] (Figure 5e). VEGFR2
mediated cell proliferation term was also overre-
presented, in consistent with the role of VEGF
receptors in neuronal cell proliferation [38]. The
overrepresented pathways enriched in testis-
specific genes were related to epigenetic regula-
tion, DNA repair, P53 activity regulation, and
chromatin organization, which can be explained
by the fact that the genes involving meiosis,
DNA repair were required in spermiogenesis to
produce a large number of sperms [39]
(Figure 5f). For example, a gene ARID2 involved
in chromatin organization can regulate chromatin
organization in metaphase-I spermatocytes, the
deletion of which can result in a metaphase-I
arrest because of the dysregulation of cell division
core genes [40].

Taken together, our transcriptomic analyses in
amniotes suggested that ER tissue-of-origin
expression levels were comparable across species
(Figure 5b,c). In addition, the tissue-specific ER
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genes tended to be functionally conserved, which
was especially true for the ER genes related to cell
cycle regulation and chromatin organization
(Figure 5d).

Discussion

Well-studied ER genes are accumulating in the past
thirty years. However, a comprehensive compilation
and comprehensive understanding of the role of ER
genes in epigenetic regulation remains unavailable. In
this paper, we have done a comprehensive compila-
tion of ER genes from different eukaryotic species,
which is a valuable resource in the future ER study
and is complementary to existing databases and
online resources. Furthermore, we also characterize
the ERs that are evolved from duplication events
based on gene expression data across tissues in
human, between human and mouse as well as in ten
amniote species.

In this study, we identify a large number of
duplication events during ER gene evolution
(Figure 1). We also suggest that ER gene duplica-
tion can generate new orthologous or paralogous
genes in specific species, accompanied by the
expression variation patterns of the duplicated
genes, based on publicly available gene expression
datasets from representative species. We also
observe that the majority of differentially expressed
ERs are testis or brain specific (Figure 2 and 3),
consistent with the general knowledge of more tis-
sue-specific genes in the two organs, where brain-
or testis-specific genes can perform their unique
regulatory function. Our results demonstrate that
the duplicated ER genes may have more similar
gene expression patterns and gene function than
would be expected in human (Figure Ic).
However, we still find specific examples that ortho-
logous gene expression levels are quite dissimilar
and are potentially associated with unique regula-
tory function (Figure 4). It seems that there exists
some degree of function redundancy for the dupli-
cated ER genes that allow them to perform different
regulatory function in different tissues. This func-
tional redundancy may be widespread in eukaryota
for them to adapt to a complex environment and
the gene deletion is generally less likely to be lethal
[41]. Further efforts may continue to characterize
gene duplication events based on functional

genomic data. Taken together, we observe either
consistent expression or differential expression pat-
terns for specific orthologous ERs in different tis-
sues in a given species.

Epigenetic modifications are considered as an
important mechanism to regulate downstream tar-
get gene expression. Purifying selection pressure is
strong enough to prevent ER gene dysregulation in
specific tissues like testis, brain, and cerebellum.
The orthologous genes are necessary to alleviate
the pressure of gene dysregulation and have com-
pensatory roles in downstream gene regulation.
Although the exact reason of tissue-specific con-
straint on ER expression is still elusive, the con-
served gene expression may be caused by severe
fitness consequence of changes in ER gene expres-
sion levels. Given the tremendous contrast
between large number of all available genes and
only hundreds of ER genes in a genome, we would
hypothesize that the global expression landscape is
controlled by a complex regulatory network of
multiple ERs rather than individual ERs, which
can be explored in future studies.

We also suggest in this paper that the ER duplica-
tion events can generate tissue-specific ER genes with
the same epigenetic substrates (Figure 4). Our expres-
sion analysis focuses on the ERs with definitive amino
acid-specific substrates including H3K4/27/36, H3K9
methylation writers/erasers, H3K27 acetylation wri-
ters, and H3K9 acetylation erasers. We indicate the
heterogeneous expression of specific ER genes with
the same epigenetic substrates across tissues. For
instance, we demonstrate SMYDI, SETD7, PRDM0,
and KMT2C show very different expression patterns
in the investigated tissues/organs (Figure 4a,b).
Consistently, SMYD1 was specifically involved in
heart development [42], while PRDM9 as
a specifically expressed gene in testis was particularly
involved in the regulation of meiosis [43].
Furthermore, SETD?, a gene responsible for transfer-
ring methyl group to lysine residue of substrates,
involved in cellular processes including the DNA
damage response and chromatin regulation [44].
The examples clearly demonstrate that specific ER
genes with same epigenetic substrates can have dis-
tinct regulatory role in different tissues. Though they
are orthologs that were generated from same ances-
tors and once considered as ‘redundant’ regarding
biochemical activities, we indicate that the gene



redundancy may be necessary for the regulatory func-
tional specificity in tissue development. More exam-
ples may be needed in the future to further support
this statement.

Taken together, we compile the resource of ERs in
23 species based on HMM-based searches, which is
the most comprehensive ER list involving various
species until recently. Our analyses reveal that the
duplicated ER genes have generally similar expression
and function with ancestor genes. We also observe
a consistent tissue-of-origin expression specificity pat-
tern for specific ERs in amniote tissues and suggest
the association between ER evolution and gene
expression as well as function. Our analyses also sug-
gest that the ER duplication events can generate tis-
sue-specific ER genes with same epigenetic substrates,
which are associated with distinct regulatory function.
Taken together, our study contributes to better com-
prehend the tissue-specific ER gene expression and
their potential functional impacts in tissue-specific
epigenetic regulation across species.
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