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Active DNA demethylation of developmental  
cis-regulatory regions predates vertebrate origins
Ksenia Skvortsova1,2*, Stephanie Bertrand3, Danila Voronov4†, Paul E. Duckett1,  
Samuel E. Ross1,2,5, Marta Silvia Magri6, Ignacio Maeso6, Robert J. Weatheritt1,7,  
Jose Luis Gómez Skarmeta6‡, Maria Ina Arnone4, Hector Escriva3, Ozren Bogdanovic1,5,6*

DNA methylation [5-methylcytosine (5mC)] is a repressive gene-regulatory mark required for vertebrate embryo-
genesis. Genomic 5mC is tightly regulated through the action of DNA methyltransferases, which deposit 5mC, 
and ten-eleven translocation (TET) enzymes, which participate in its active removal through the formation of 
5-hydroxymethylcytosine (5hmC). TET enzymes are essential for mammalian gastrulation and activation of verte-
brate developmental enhancers; however, to date, a clear picture of 5hmC function, abundance, and genomic 
distribution in nonvertebrate lineages is lacking. By using base-resolution 5mC and 5hmC quantification during 
sea urchin and lancelet embryogenesis, we shed light on the roles of nonvertebrate 5hmC and TET enzymes. We 
find that these invertebrate deuterostomes use TET enzymes for targeted demethylation of regulatory regions 
associated with developmental genes and show that the complement of identified 5hmC-regulated genes 
is conserved to vertebrates. This work demonstrates that active 5mC removal from regulatory regions is a 
common feature of deuterostome embryogenesis suggestive of an unexpected deep conservation of a major 
gene-regulatory module.

INTRODUCTION
Metazoan development is governed by the activity of cis-regulatory 
DNA elements that serve as binding platforms for transcription 
factors controlling spatial and temporal gene expression (1, 2). In 
vertebrates, one of the major gene-regulatory mechanisms entails 
methylation of the fifth carbon of the cytosine pyrimidine ring 
(5mC) within the DNA (3). 5mC is a predominantly repressive 
gene-regulatory mark, which in vertebrates displays unparalleled 
developmental dynamics. Mammalian embryogenesis is characterized 
by two rounds of genome-wide 5mC reprogramming that take 
place in the preimplantation embryo and in the developing germ 
line (4). Global 5mC erasure occurs through a combination of 
active and passive 5mC removal mechanisms, such as the exclusion 
of maintenance DNA methyltransferase (DNMT1) from the nucleus 
(5, 6), and targeted oxidation of 5mC by ten-eleven translocation 
(TET) enzymes, respectively (7,  8). TET enzymes oxidize 5mC 
through a series of reactions involving 5-hydroxymethylcytosine 
(5hmC), 5-formylcytosine (5fC), and 5-carboxylcytosine (5caC) 
intermediates, the latter two of which can be excised by base excision 
repair pathways, thus leading to the restoration of unmethylated 
cytosine at affected sites (9). Apart from participating in mammalian 
global 5mC erasure, TET enzymes drive targeted 5mC removal 
from promoters and enhancers required for vertebrate gastrulation 

(10) and organ formation (11). TET activity is thus crucial for 
orchestrating gene-regulatory programs associated with cell fate 
determination and tissue differentiation. TET depletion accompa-
nied by 5hmC reduction results in enhancer hypermethylation and 
reduced chromatin accessibility in vertebrate embryos (11, 12), 
delayed gene induction during cellular differentiation (13), and 
skewed lineage differentiation (14, 15). Loss of 5mC in DNMT 
mutant cells, on the other hand, was shown to result in the activation 
of intragenic enhancers (16), together highlighting the significance of 
timely DNA demethylation in the regulation of cis-regulatory ele-
ments and lineage specification.

In stark contrast to vertebrates, which are characterized by high 
genomic 5mC levels (~80%), most nonvertebrate organisms sam-
pled to date have mosaic DNA methylation patterns that vary widely 
in their content, genomic distribution, and function (17). Notable 
exceptions to that rule include Drosophila melanogaster (18) and 
Caenorhabditis elegans (19), whose genomes are devoid of 5mC, 
and the demosponge Amphimedon queenslandica, the genome of 
which displays vertebrate-like genomic hypermethylation (20). Those 
exceptions notwithstanding, a common feature of invertebrate 
5mC patterning is the association of 5mC with gene bodies of 
actively transcribed genes (21). 5mC has been shown to prevent 
precocious transcription from cryptic transcription start sites located 
within gene bodies (22, 23). However, it is currently underexplored 
whether any other aspects of 5mC-mediated genome regulation are 
evolutionarily maintained across the invertebrate-vertebrate boundary. 
For example, TET proteins are present in most nonvertebrate 
genomes (24) where their function has been linked to RNA hydro-
xymethylation (25), production of 5hmC in the germ line (26), or 
regulation of alternative splicing (27). Except for a single study that 
used enzyme-linked immunosorbent assay–based approaches to 
demonstrate global 5hmC developmental loss in the Pacific Sea 
gooseberry (Pleurobrachia bachei) (28), it is not yet clear to what 
extent nonvertebrate organisms use 5mC and consequently TET 
proteins and 5hmC for developmental gene regulation. Moreover, 
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base-resolution hydroxymethylomes have thus far only been generated 
for sponges and sea anemones (discussed below) (20), leaving 
numerous open questions as to the quantity, genomic localization, 
and function of nonvertebrate 5hmC.

While it is well established that nonvertebrate genomes exhibit 
low 5mC, it is worth noting that cis-regulatory elements frequently 
reside within highly methylated gene bodies. It is thus possible that 
the 5mC state of these elements is regulated independently of bulk 
gene body 5mC. For example, we have recently shown that the 
European lancelet (Branchiostoma lanceolatum), an invertebrate 
chordate, exhibits developmental DNA demethylation of cis-regulatory 
elements located within methylated gene bodies (29). Notably, this 
demethylation event coincided with the expression of the lancelet 
TET ortholog, thereby suggesting that animals with mosaic 5mC 
might use TET-mediated demethylation of enhancers for their 
spatiotemporal regulation during development. 5hmC profiling of 
genomic DNA extracted from the demosponge A. queenslandica 
demonstrated enrichment of this mark at potential transcription 
factor binding sites (20). Nevertheless, definitive proof that TET 
proteins and active DNA demethylation participate in developmental 
enhancer or promoter usage in nonvertebrate lineages has not been 
provided to date. To better understand the evolution of TET-mediated 
regulation of distal regulatory elements, we conducted detailed 
analyses of genome-wide 5mC and 5hmC dynamics during develop-
ment of the purple sea urchin (Strongylocentrotus purpuratus), 
which forms part of the sister lineage to chordates, the ambulacrarians 
(30), and the invertebrate chordate European lancelet (29). Specifi-
cally, we used whole-genome bisulfite sequencing (WGBS) (31) and 
Apolipoprotein B mRNA editing enzyme, catalytic polypeptide 
(APOBEC)-coupled epigenetic sequencing (ACE-seq) (32) to generate 
base-resolution maps of 5mC and 5hmC, respectively, at four develop-
mental time points. Integration of these datasets with open chroma-
tin profiles demonstrated prominent active DNA demethylation of 
regulatory regions in both examined organisms, thus strongly 
supporting the notion that invertebrate deuterostomes use TET 
proteins and 5hmC for developmental gene regulation. Moreover, 
we found that vertebrate orthologs of genes marked by 5hmC in 
these animals are associated with 5hmC enrichment and defined 
spatiotemporal regulatory logic in zebrafish. Together, our work 
demonstrates that at least in some nonvertebrate lineages, 5mC is 
not merely a by-product of gene activity required for the prevention 
of spurious transcriptional initiation but a bona fide regulatory mark 
that is being actively remodeled at regulatory regions associated 
with key developmental processes.

RESULTS
Structural and functional conservation of TET enzymes
To better understand the evolutionary conservation of 5hmC and 
TET expression dynamics during embryogenesis, we first wanted to 
determine whether echinoderm and cephalochordate TET enzymes 
are characterized by the same protein domain composition as verte-
brate TETs. The sea urchin genome (30) as well as the genomes of 
the European (29) and Florida lancelet (33) encode a single copy of 
TET proteins. The genomes of most vertebrates, however, exhibit 
two or three TET copies (fig. S1A) (34, 35), which arose during the 
process of whole-genome duplication (36). Comparison of TET 
protein structure revealed that both the sea urchin TET (sTET) and 
the lancelet TET (bTET) contain an N-terminal CxxC domain, which 

is also present in vertebrate TET1 and TET3 enzymes (Fig. 1A) (37). 
CxxC domains can interact directly with the DNA thereby facilitating 
TET interaction with chromatin (38, 39). The C terminus of sTET 
and bTET is characterized by a double-stranded  helix (DSBH) 
domain that harbors binding sites for the Fe(II) and 2-oxoglutarate 
cofactors required for TET enzymatic activity (37). Notably, the 
DSBH domain in sTET, bTET, and vertebrate TET proteins is inter-
rupted by a sizable low- complexity region (Fig. 1A). These results 
are in line with the previously described structural conservation of 
metazoan TET proteins (24). We next conducted multiple sequence 
alignment analyses and found strong sequence conservation in the 
core catalytic domain (Fig. 1B and fig. S1B), as well as notable struc-
tural conservation between sTET, bTET, and their vertebrate 
counterparts (Fig. 1C and fig. S1, C to E). Having determined the 
suitability of sea urchin and lancelet for TET evolutionary compari-
sons and 5hmC profiling, we next quantified TET expression during 
sea urchin, lancelet, and zebrafish development (29,  40). In all 
examined species, the developmental peak of TET expression could 
be observed during mid-development (Fig. 1D), coinciding with 
gastrulation (sea urchin) and segmentation (lancelet and zebrafish) 
(fig. S1F) (41, 42). These observations are in accord with reduced 
developmental requirements for TET activity during vertebrate 
pluripotency (10–12, 14). Overall, our results demonstrate highly 
conserved TET protein structure and developmental TET expression 
profiles across diverse deuterostomes, suggestive of the important 
roles these proteins might play during animal development.

DNA methylation content and dynamics of sea urchin 
and lancelet genomes
To quantify the amount of genomic 5mC, which can act as substrate 
for TET oxidation and 5hmC formation, we generated base-resolution 
5mC profiles (WGBS) (31) corresponding to the following stages of sea 
urchin development: 24 hours post fertilization (hpf) (blastula), 48 hpf 
(gastrula), 72 hours post fertilization (hpf) (pluteus), and adult (tube 
feet). In addition, we analyzed WGBS datasets of lancelet em-
bryogenesis from 8 hpf (blastula, G3), 15 hpf (gastrula, G6), 36 hpf 
(neurula, T0), and adult (liver, A) time points (Fig. 2A and table S1) 
(29, 41, 42). In agreement with previous studies (29, 43), average 
methylation values (sea urchin = 23 to 28% and lancelet = 21 to 
25%) (Fig. 2A) were consistent with canonical invertebrate meth-
ylome patterns, where the majority of genomic 5mC is located within 
gene bodies of expressed genes (fig. S2, A to D) (17). Notably, the 
adult samples of both sea urchin and lancelet displayed considerably 
lower 5mC levels reminiscent of developmental 5mC dynamics in 
zebrafish and Xenopus tropicalis (Fig. 2A and fig. S2E) (11). Given 
the positive correlation between gene expression and gene body 5mC 
in nonvertebrate organisms, lower 5mC levels in adult tissues could po-
tentially be explained by specialized transcriptional profiles of those 
tissues characterized by a smaller number of expressed genes or a 
lower transcriptional output overall. To that end, we analyzed the 
transcriptomes (29, 40) of multiple developmental stages and adult 
tissues and revealed comparable mean expression profiles across all 
examined samples in both organisms (Fig. 2B). These results suggest 
that the observed loss of 5mC in adults is likely not caused by major 
changes in transcriptional complexity but is rather linked to a gradual 
increase in chromatin accessibility associated with more frequent 
usage of cis-regulatory elements (44). In line with these results, we could 
not detect any major developmental down-regulation of sea urchin and 
lancelet DNMT transcripts in adult tissues (fig. S2F). Notably, both sea 

D
ow

nloaded from
 https://w

w
w

.science.org on M
arch 29, 2023



Skvortsova et al., Sci. Adv. 8, eabn2258 (2022)     2 December 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

3 of 15

urchin and lancelet DNMTs are characterized by a high degree of 
structural conservation to vertebrates, as described previously (45–49). 
To obtain further insight into the developmental dynamics of 5mC, 
we identified genomic regions, which display significant (false dis-
covery rate < 0.05, mCG/CG ≥ 0.2) developmental changes in 
5mC levels (Fig. 2C and tables S2 to S7). We identified 20,072 and 
8136 of such differentially methylated regions (DMRs) in sea urchin 
and lancelet genomes, respectively, with the majority corresponding 
to the larva/pluteus-to-adult transitions (Fig. 2D and fig. S2G). The 
majority (86% sea urchin and 80% lancelet) of the identified DMRs 
were associated with developmental hypomethylation (Fig.  2,  C 
and D, and fig. S2G). These results agree with the overall lower levels 
of 5mC in adult tissues in both organisms (Fig. 2A). Together, we 
find that the embryogenesis of sampled invertebrate deuterostomes 
is characterized by a notable developmental loss of 5mC, which 
cannot be explained by developmental changes in transcriptional 
activity or DNMT expression.

Developmental dynamics of the 5hmC landscape
To explore the developmental dynamics, genomic content, and 
distribution of 5hmC in sea urchin and lancelet genomes and to 

compare those against vertebrate 5hmC patterns, we used nondestructive, 
base-resolution sequencing of 5hmC using a DNA deaminase 
(ACE-seq) (32). We first wanted to test how ACE-seq 5hmC quan-
tification compares to TET-assisted bisulfite sequencing (50) and 
immunoprecipitation (hMeDIP-seq) (51) 5hmC profiles in zebrafish, 
an organism with a well-described DNA hydroxymethylome (11). 
First, we found that the same genomic regions displayed 5hmC 
enrichment identified by all the three techniques (fig. S3, A and B). 
Furthermore, we observed a robust overlap between data originat-
ing from the two base-resolution approaches (fig. S3C) and hence 
proceeded to generate sea urchin and lancelet 5hmC maps using 
ACE-seq. We obtained DNA hydroxymethylome profiles for the 
following stages of sea urchin and lancelet embryogenesis: 24 hpf 
(blastula), 48 hpf (gastrula), 72 hpf (pluteus), adult (tube feet), and 
36 hpf (late neurula, T0), 60 to 72 hpf (larvae, L0), 3 to 4 months 
(juvenile, J), and adult (liver, A) (table S1) (41, 42). Identification of 
significantly hydroxymethylated sites (proportion test, P adj. < 0.05, 
hmCG/CG ≥ 0.1) (52) in sea urchin and lancelet genomes re-
vealed 1 to 2% of CpGs with significant 5hmC content (Fig. 3A). In 
zebrafish 24-hpf embryos, which are characterized by strong TET 
activity (Fig. 1D), ~5% of overall CpGs were identified as significantly 
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hydroxymethylated (Fig. 3A). These results are in line with the 
overall higher global 5mC content of vertebrate genomes (Fig. 3A). 
To assess the reproducibility of ACE-seq 5hmC data between repli-
cates, we searched the genome for sites of significant 5hmC enrich-
ment and plotted mean 5hmC values between replicates (Fig. 3B). 
We observed an overall positive correlation of 5hmC levels in those 
regions with correlation values of R = 0.58 and R = 0.68 for sea 
urchin and lancelet, respectively. Given the transient nature of 5hmC 
and its role in 5mC-to-C conversion, the expectation would be for 
most of the 5hmC sites to exist in a fully methylated (5mC) state 
before the onset of TET activity and in a fully demethylated (C) 
state once the period of TET-mediated demethylation has ended. 
To test whether this holds true in amphioxus and sea urchin genomes, 
we identified significant 5hmC sites at the stage coinciding with high 
TET expression (48 hpf, sea urchin; 60 hpf, lancelet) and interrogated 
their fate before and after this period (Fig. 3, C and D). Expectedly, 
we found that most of the hydroxymethylated CpGs were in the 5mC 
state before the mid-developmental period. The same fraction also 
displayed a notable enrichment in unmethylated cytosines in adult 
tissues, in agreement with developmental 5mC removal. These data 
thus demonstrate that ACE-seq can accurately detect 5hmC at base 
resolution in sea urchin and lancelet genomes and that 5hmC dis-
plays comparable developmental dynamics across deuterostomes.

5hmC-marked regulatory regions in deuterostome genomes
Next, we wanted to assess to what extent does 5hmC correlate with 
sites of developmental hypomethylation and regulatory regions in 
general, identified through open chromatin profiling. We first plotted 
the 5hmC signal over previously identified adult hypomethylated 
DMRs (Fig. 2) and found a notable overlap between the two datasets 
(fig. S3D). Of 16,753 DMRs, 5585 (33%) formed a 5hmC-enriched 
cluster in the sea urchin, whereas in the lancelet, that overlap was 
46% (2072 of 4507 DMRs). To obtain more comprehensive insight 
into the relationships between 5hmC and gene regulation, we 
generated open chromatin profiles Assay for Transposase Accessible 
Chromatin with high-throughput sequencing (ATAC-seq), corre-
sponding to 48 hpf (sea urchin) and 60 hpf (lancelet) (29) stages 
(Fig. 3, E and F), which are associated with peaks of TET activity 
(Fig. 1D). K-means clustering (k = 2) of 5hmC signal over those 
regions revealed a subset (cluster 1), which was enriched for 5hmC 
(Fig. 3, E and F). This cluster was characterized by high 5mC levels 
in embryonic and low 5mC levels in adult tissues, in agreement with 
active demethylation occurring at these regions. 5hmC was highly 
enriched in 48- and 60-hpf embryos in sea urchin and lancelet, 
respectively, and was almost undetectable in adult samples, as ex-
pected from the low 5mC signal in those tissues (Fig. 3, E to G, and 
fig. S3E). Moreover, analysis of publicly available ATAC-seq data 
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Fig. 3. DNA hydroxymethylation landscape of sea urchin and lancelet development. (A) Percentage of methylated and hydroxymethylated CpGs in embryonic and 
adult tissues of sea urchin, lancelet, and zebrafish. CpG sites with at least 80% methylation and CpG sites with at least 10% hydroxymethylation (P adj. < 0.05) were included 
in the analysis. Only CpG sites with a minimum of 10× coverage were considered. (B) Concordance of hydroxymethylation levels between biological replicates. Sea urchin 
48-hpf and lancelet 60-hpf samples are shown. (C and D) Ternary plots depicting the relationship between methylated (mC), hydroxymethylated (hmC), and unmethylated (C) 
CpG states in sea urchin (C) and lancelet (D) embryos and adult tissues. CpG sites hydroxymethylated at 48 hpf in sea urchin (C) and 60 hpf in lancelet (D) (P adj. < 0.05, 
proportion test) are shown. (E and F) Heatmaps depicting DNA hydroxymethylation dynamics (ACE-seq) of open chromatin regions (ATAC-seq) in sea urchin (E) and 
lancelet (F). K-means clustering (k = 2) of ACE-seq and ATAC-seq signal over ATAC-seq peaks. Boxplots of DNA hydroxymethylation and DNA methylation dynamics during 
sea urchin (E) and lancelet (F) development. (G) Integrative genomic viewer (IGV) browser tracks depicting DNA hydroxymethylation (ACE-seq and hMeDIP-seq) enrichment 
at open chromatin regions (ATAC-seq) coinciding with DNA demethylation (MethylC-seq) in sea urchin and lancelet genomes.
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corresponding to multiple stages of lancelet development (29) un-
covered a notable increase in chromatin accessibility at 60 hpf, co-
inciding with the strongest 5hmC signal (fig. S3, D and F). To define 
what proportion of 5hmC-marked regions reside in open chromatin, 
we performed ACE-seq peak calling (see Materials and Methods) 
and plotted ATAC-seq signal over these peaks. The data revealed an 
enrichment of open chromatin at ~30 and  ~  60% of ACE-seq 
peaks in sea urchin and lancelet, respectively (fig. S3G), thereby 
suggesting that a considerable proportion of 5hmC-marked DNA 
coincides with putative regulatory regions. Together, these results 
demonstrate strong 5hmC presence at invertebrate regulatory re-
gions, which coincides with the active removal of 5mC.

5hmC and developmental gene activation
Having characterized developmental dynamics of 5hmC (Fig.  3), 
we next sought to understand which gene groups are potentially 
regulated by 5hmC and what impact might 5hmC have on develop-
mental gene regulation. We first generated Gene Ontology profiles 
(53) of genes associated with 5hmC-marked ATAC-seq peaks (54) 
and found significant enrichment for developmental processes 
(Fig. 4A). Many of these processes such as “system development,” 
“cell differentiation,” “tissue development,” “developmental process,” 
and others were identical to those associated with 5hmC-regulated 
genes previously described in zebrafish, Xenopus, and mouse em-
bryos (11). We then assessed the genomic distribution of 5hmC 
enrichment and found that most of the 5hmC peaks reside in gene 
bodies, although a significant fraction of 5hmC was observed in 
promoters and intergenic regions (Fig. 4B). In line with their pro-
posed developmental function, genes with both promoter and gene 
body 5hmC peaks were, on average, longer, suggestive of their 
increased regulatory potential (Fig. 4C and fig. S4, A and B) (55). 
Transcription factor binding motif analyses revealed significant 
enrichment for Sox- and Fox-binding sites, both of which have been 
previously shown to associate with TET proteins and DNA demethyl-
ation in vertebrates (Fig. 4D; fig. S4, C and D; and tables S8 to S13) 
(56, 57). In vertebrates, promoter 5hmC is linked to transcriptional 
activation (58). To test whether a similar association could be re-
produced in sea urchin and lancelet genomes, we analyzed the tran-
scriptional profiles of genes with a promoter 5hmC peak and found 
that promoter 5hmC correlates with activation of developmental 
genes in both examined organisms (Fig.  4E). Accumulation of 
5hmC at gene promoters and activation of corresponding gene 
expression coincided with gradual reduction of 5mC during devel-
opment (figs. S4E and S5), as demonstrated through examples of 
developmental gene activation in the sea urchin (Tjp1 gene; fig. S5, 
A, C, and E) and the lancelet (Blimp1 gene; fig. S5, B, D, and E). A 
similar positive correlation between 5hmC and transcription was 
also observed at genes with gene body 5hmC peaks; however, this 
effect was less pronounced, likely because of challenges in associating 
distal 5hmC peaks with their target genes (fig. S4F). To explore the 
effect of 5hmC on the expression of developmental genes in more 
detail, we focused on sea urchin and lancelet orthologs of fruit fly 
developmental genes defined by Gene Ontology. Similar to verte-
brates, where many key developmental genes belonging to Hox or 
Fox families are located within hypomethylated Polycomb-marked 
DNA methylation valleys (59), we found that these genes also 
hypomethylated in sea urchin and lancelet throughout development 
(fig. S6, A to E). Overall, we found that 19.2% (n = 389) of develop-
mental genes in sea urchin and 43.3% (n = 1272) in lancelet are 

hypomethylated (fig. S6A). Of the remaining, whose gene bodies 
are methylated, 12.5% (n = 205) and 9.5% (n = 158) harbor 5hmC-
ATAC elements in sea urchin and lancelet, respectively. Thus, as in 
vertebrates (11, 60), only a fraction of developmental genes in both sea 
urchin and lancelet display 5hmC-mediated regulation. In sum, these 
results provide proof for the presence of 5hmC at regulatory regions 
of a subset of developmental genes in invertebrate deuterostome 
genomes and suggest that active removal of 5mC through the 5hmC 
intermediate might play a role in their activation.

Conserved regulatory logic of 5hmC-marked genes
Previously, we have described widespread TET-mediated demethyla-
tion of regulatory regions during the vertebrate phylotypic period, 
which can be defined as the most conserved stage of vertebrate 
embryogenesis (11). These phylotypic DMRs (phylo-DMRs) co-
incided with developmental DNA demethylation and were marked 
by 5hmC in zebrafish, Xenopus, and mouse embryos. To explore the ex-
tent to which genes regulated by 5hmC in invertebrate deuterostomes 
coincide with genes linked to vertebrate 5hmC, we first identified 
zebrafish orthologs of 5hmC-marked genes in sea urchin and lance-
let, defined their regulatory landscapes (54), selected the zebrafish 
orthologs enriched in 5hmC, and assessed their overlap (fig. S7A). 
This analysis resulted in 148 and 343 zebrafish 5hmC-marked 
genes, which overlapped lancelet and sea urchin 5hmC-marked 
genes, respectively. Having identified this notable agreement in 
5hmC regulation, we next wanted to study in more detail the 
regulatory logic behind 5hmC gene marking. Both whole-genome 
and local duplication events act as a driving force of the evolutionary 
novelty by supplying new genetic material, which has the potential 
to evolve divergent regulatory functions (61). We, therefore, wanted 
to compare spatial and temporal expression profiles of zebrafish 
gene ohnologs, which arose after three rounds of whole-genome 
duplication in teleost fishes, with and without 5hmC-ATAC–marked 
regulatory elements. To that end, we selected all zebrafish orthologs 
of sea urchin 5hmC-marked genes and identified a list of their 
2R/3R ohnologs using OHNOLOGS v2 resource (62). We then 
stratified ATAC-seq–associated regulatory elements in the zebrafish 
genome within each ohnolog gene’s landscape (54) into three cate-
gories depending on phylo-DMR presence and 5hmC enrichment 
(fig. S7B): group 1 (ATAC-seq peaks overlapping a phylo-DMR and 
displaying 5hmC enrichment), group 2 (ATAC-seq peaks display-
ing 5hmC enrichment without phylo-DMR overlap), and group 3 
(ATAC-seq peaks without 5hmC enrichment or phylo-DMR 
overlap). We only retained zebrafish genes that had ohnologs in at 
least two of the aforementioned groups. We next analyzed the tran-
scriptional profiles of zebrafish orthologs linked to these three 
groups and found that phylo-DMR–linked genes (group 1) were 
characterized by peaks of expression surrounding the phylotypic 
period (24 hpf), whereas 5hmC-marked genes without phylo-DMR 
association (group 2) were developmentally up-regulated at later 
embryonic stages (48 to 72 hpf) and exhibited the strongest expression 
in the adult brain (Fig. 5A). Genes that were not enriched in 5hmC 
or phylo-DMRs (group 3) did not display such notable develop-
mental dynamics (Fig.  5A). To obtain further insight into the 
spatiotemporal regulation of these orthologs, we analyzed single-cell 
resolution transcriptomes of the zebrafish phylotypic-stage embryo 
(24 hpf) (Fig. 5B) (63). We found that group 1 genes were expressed 
broadly in cell types originating from diverse embryonic layers, 
whereas group 2 genes were expressed predominantly in neurons, 
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in line with their bulk RNA sequencing (RNA-seq) expression 
profile (Fig.  5,  A  to  C, and fig. S7C). Group 3 orthologs were 
characterized by a minor enrichment in the erythroid lineage. Given 
the strong link between 5hmC and loss of 5mC in nonvertebrate 
(Fig. 2) and vertebrate (11) adult tissues, we next sought to interrogate 
the 5mC state of these three groups of regulatory elements in adult 
zebrafish (Fig. 5D) (64). Our data demonstrate that both 5hmC- 
enriched ATAC peaks with and without phylo-DMR association 
are predominantly hypomethylated in most adult tissues (Fig. 5D). 

Unlike group 2 elements, which are exclusively hypomethylated in 
adults, group 1 elements were already hypomethylated during the 
phylotypic period. Last, group 3 elements that displayed no 5hmC 
enrichment coincided with peaks of broad and pervasive hypo-
methylation characteristic of CpG islands (65). These data argue 
that most invertebrate 5hmC-marked genes also display an asso-
ciation with this regulatory mark in vertebrates and that vertebrates use 
5hmC during organogenesis (group 1 elements) as well as during later 
stages of tissue differentiation (group 2 elements). We then 
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Fig. 4. Developmental expression of 5hmC-marked genes. (A) Gene Ontology (GO) analysis of genes harboring 5hmC-marked ATAC-seq peaks at their promoters or 
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performed the reverse analysis, where we analyzed developmental 
expression dynamics of sea urchin and lancelet genes orthologous 
to zebrafish genes, which harbor ATAC-seq peaks overlapping a 
phylo-DMR and displaying 5hmC enrichment (5hmC/phylo-DMR) 
in their distal regulatory domains. We compared these dynamics 
to those of sea urchin and lancelet genes orthologous to zebrafish 
genes, which harbor ATAC-seq peaks displaying 5hmC enrichment 
without phylo-DMR overlap (5hmC/no phylo-DMR) or ATAC-seq 
peaks without 5hmC enrichment or phylo-DMR overlap (no 5hmC/
no phylo-DMR). The analysis revealed a trend toward developmental 
activation, which was particularly notable for sea urchin genes, whose 

zebrafish orthologs harbor 5hmC/phylo-DMRs (fig. S8, A and B), 
thus further supporting the finding of the conserved regulatory logic 
of 5hmC-marked genes.

DISCUSSION
The goal of the current study was to explore the evolutionary 
conservation of TET-mediated DNA demethylation in nonvertebrate 
lineages by generating base-resolution profiles of developmental 
5hmC landscape dynamics. First, we have shown that the expression 
of sea urchin and lancelet TET orthologs by and large resembles 
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anamniote TET developmental expression profiles, which are 
characterized by peaks of TET activity during mid-development 
(phylotypic period) (11). While TET proteins play important roles 
in mammalian pluripotency and reprogramming in vitro (13, 58, 66), 
mouse triple TET knockouts developed normally until gastrulation 
(10) indicative of reduced requirements for TET activity during 
in vivo pluripotency. Similarly, zebrafish homozygous TET knockouts 
generated by transcription activator-like effector technology (TALE) 
(14) or CRISPR-Cas9 F0 mutants (12) and morphants (11), all 
displayed developmental defects only during later embryonic stages. 
Our results thus suggest that active DNA demethylation removal 
and likely 5mC in general are not required for the establishment of 
deuterostome pluripotency.

While the members of TET/JBP (J-protein binding) family have 
been identified across all domains of life, ranging from viruses to 
humans (24), fairly little is known regarding the functions of these 
proteins in DNA demethylation beyond vertebrates (17, 26, 28). For 
example, in Drosophila, the single identified TET ortholog has only 
been associated with RNA hydroxymethylation (25), whereas de-
tailed, base-resolution invertebrate 5hmC maps have thus far only 
been generated for the demosponge A. queenslandica and the sea 
anemone Nematostella vectensis (20). However, in A. queenslandica, 
5hmC was detectable at identical positions during embryonic and 
larval stages without displaying any signs of developmental loss 
(17). This suggests that A. queenslandica either uses 5hmC as a 
stable gene-regulatory mark or that TET-mediated DNA demethyla-
tion occurs during later developmental transitions. In this work, we 
conclusively demonstrate that genomic sites of 5hmC enrichment 
coincide with developmental 5mC loss and the presence of accessi-
ble chromatin, in line with the proposed roles of TET proteins and 
5hmC in gene regulation (67). Specifically, we detect 5hmC at both 
proximal and distal regulatory regions and show that 5hmC presence 
and developmental loss of 5mC coincide with the activation of 
developmental genes. One plausible mechanism by which 5hmC 
and TET proteins could participate in developmental gene regula-
tion is through locus-specific TET recruitment by pioneer factors 
such as forkhead box A1 (FOXA1) (Fig. 4D). FOXA1 and similar 
pioneer factors could recruit TET (57) to methylated and inaccessible 
cis-regulatory regions and promote demethylation of the targeted 
locus to render it more accessible to methylation-sensitive tran-
scription factors (68). Accumulation of these activating transcrip-
tion factors would then lead to chromatin opening of the regulatory 
sequence and the activation of its linked gene. In line with this 
hypothesis, it was previously demonstrated in zebrafish (11) and 
mammals (69) that TET depletion has a negative impact on chro-
matin accessibility of distal regulatory elements. Furthermore, 
here, we show that the 5hmC signal is strongest in 60-hpf lancelet 
embryos, which coincides with the developmental point of highest 
chromatin accessibility. Collectively, these data suggest that TET 
proteins and 5hmC participate in chromatin opening at develop-
mental gene-regulatory regions across the animal kingdom.

We have previously demonstrated that active DNA demethyla-
tion of enhancers associated with key developmental pathways is a 
hallmark of vertebrate development (11). Here, we further expand 
on these observations to conclude that TET activity and active DNA 
demethylation of regulatory regions during mid-developmental 
stages could form a conserved developmental signature of diverse 
animal phyla. It is worth noting, however, that further work will be 
needed to validate the role of TET proteins, 5hmC, and active DNA 

demethylation in the embryonic development of S. purpuratus and 
B. lanceolatum. Specifically, future experiments using Cas9/Cas13 
technologies (70, 71), will be required to better understand gene- 
regulatory networks affected by TET loss and to unravel the evolution-
arily conserved and species-specific developmental requirements 
for active DNA demethylation. Furthermore, the current study is 
limited to invertebrate deuterostomes from the phylum Echinodermata 
(S. purpuratus) and Chordata (B. lanceolatum), making it thus 
challenging to extrapolate our findings beyond these two lineages. 
Deeply conserved DNA demethylation toolkits consisting of TET 
proteins and DNA repair machinery as well as canonical gene body 
5mC patterns observed in most animals (17, 24) would support 
widespread usage of TETs and 5hmC for gene regulation. Nevertheless, 
transcriptome profiling of multiple developmental stages across 
10 different phyla demonstrated divergence in the usage of signal-
ing pathways and transcription factors during mid-developmental 
stages (72). It remains to be seen how prevalent TET-mediated 
regulation of developmental genes is in other animal lineages and 
whether 5mC/5hmC regulatory logic could be ancestral to bilaterian 
animals. Last, in the current study, we have shown that 5hmC- 
regulated genes identified in invertebrate deuterosteomes also display 
5mC/5hmC-mediated regulation in the zebrafish genome and that 
most of these 5hmC-enriched genes are linked to either actively 
demethylated phylotypic enhancers or regulatory regions that become 
demethylated. Overall, our study provides novel insight into the 
5mC/5hmC regulatory logic beyond the invertebrate-vertebrate 
boundary and demonstrates that active 5mC removal from regulatory 
regions during animal development predates vertebrate origins.

MATERIALS AND METHODS
Genomic DNA extraction from sea urchin embryos 
and adult tissues
S. purpuratus adult animals were collected in the San Diego Bay area, 
San Diego County, California (USA), and kept in a closed tank 
system with circulating diluted Mediterranean Sea water at 36 parts 
per thousand and 14°C at Stazione Zoologica Anton Dohrn. Adult 
tube feet were collected by surgically removing them from the adult 
sea urchin attached to a glass beaker with seawater. To obtain 
embryos and larvae, sea urchin gametes were collected by vigorously 
shaking the adults. Eggs were collected by placing the sea urchin 
aboral side up onto a beaker filled with seawater. Sperm was collected 
with a p200 micropipette into a 1.5-ml tube, which was placed 
on ice. The eggs were filtered once through a 100-m mesh filter to 
remove debris. Five microliters of sperm was diluted in 13 ml of 
seawater, and then 20 drops of this dilution were added to the eggs 
to fertilize them. Fertilized eggs were incubated in seawater at 15°C 
until the desired stage. Twenty-five to 50 l of sea urchin larvae or 
embryos were collected for DNA extraction using a 40-m mesh 
filter and placed into 1.5-ml tubes. Tubes with adult tube feet, 
embryos, and larvae were centrifuged at 500g, and the supernatant 
was discarded. The resulting pellets were frozen by placing the tubes 
in liquid nitrogen and then stored at −80°C until further processing. 
The DNA extraction procedure was identical for sea urchin adult 
tube feet, embryos, and larvae. The frozen pellet was washed three 
times with 1× SSC in Milli-Q H2O by centrifuging at 500g for 5 min 
and removing the supernatant. The washed pellet was resuspended 
in 750 ml of lysis buffer [10 mM tris (pH 7.5), 1 mM EDTA, 1% 
SDS, 3.4% -mercaptoethanol, and proteinase K (660 g/ml)] and 
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incubated at 56°C for 2 hours at 300 rpm in a heat block. After cool-
ing down an equal amount of phenol/chlorophorm/isoamylalcohol 
(mixture in 25:24:1 proportion at neutral pH) was added and mixed 
by inverting the tube several times, followed by centrifugation at 
16,000g for 10 min at 4°C to separate the phases. The top phase was 
collected and mixed with an equal volume of chloroform/isoamyl 
alcohol (mixture in 24:1 proportion). The solution was mixed by 
inversion and centrifuged at 16,000g for 10 min at 4°C. The top 
phase was collected and combined with 0.1 volume of 3 M NaAc 
(pH 5.0) and two volumes of ice-cold 100% EtOH. The solution was 
mixed by inverting the tube several times. Precipitated DNA was 
collected by a p20 micropipette and placed in a 1.5-ml tube with 
200 l of 70% EtOH. This procedure was repeated twice to wash the 
DNA. The precipitated DNA pellet was then placed into an empty 
clean 1.5-ml tube and air-dried to remove EtOH. Dried DNA was 
resuspended in 200 to 500 l of 1× TE buffer (pH 8.0) depending on 
the amount of DNA.

Genomic DNA extraction from lancelet embryos 
and adult tissues
Adults of B. lanceolatum were collected at the Racou beach near 
Argelès-sur-Mer, France (latitude 42°32′53′′ N, longitude 3°03′27″ E) 
with a specific permission delivered by the Prefect of Region 
Provence Alpes Côte d’Azur. B. lanceolatum is not a protected 
species. Gametes were obtained after heat stimulation as previously 
described (73) and were used for in vitro fertilization in petri dishes 
filled with filtered seawater. Embryos were collected at the desired 
stages and placed in 1.5-ml tubes (at least 500 embryos per tube). The 
seawater was discarded after 1 min of centrifugation at 13,000 rpm. 
Adults were immobilized in MgCl2 7% during 5 min, placed back in 
seawater, and euthanized by decapitation. The hepatic cecum was 
dissected and placed in 1.5-ml tubes. The embryos and adult tissues 
were processed using a DNeasy Blood and Tissue kit (QIAGEN) 
following the instructions provided by the manufacturer, with an 
incubation in lysis buffer at 56°C during 5 hours and using 200 l of 
elution buffer.

MethylC-seq library preparation
For MethylC-seq library preparation, 1000 ng of genomic DNA was 
extracted from sea urchin embryos and adult tissues, spiked with 
unmethylated  phage DNA (Promega), and sonicated to ~300–base 
pair (bp) fragments using an M220 focused ultrasonicator (Covaris) 
with the following parameters: peak incident power, 50 W; duty 
factor, 20%; cycles per burst, 200; and treatment time, 75 s. Sonicated 
DNA was then purified, end-repaired using the End-It DNA End- 
Repair Kit (Lucigen), and A-tailed using Klenow Fragment (3′ → 5′ 
exo-) (New England Biolabs) followed by the ligation of NEXTFLEX 
Bisulfite-Seq adapters. Bisulfite conversion of adapter-ligated DNA 
was performed using the EZ DNA Methylation-Gold Kit (Zymo 
Research). Library amplification [13 polymerase chain reaction 
(PCR) cycles] was performed with KAPA HiFi HotStart Uracil+ 
DNA polymerase (Kapa Biosystems). Library size was determined by 
the Agilent 4200 TapeStation system. The libraries were quantified 
using the KAPA library quantification kit (Roche), yielding ~10 to 
20 nM. The assays were performed in two biological replicates.

ACE-seq library preparation
ACE-seq library preparation for base resolution 5hmC profiling was 
performed as previously described (32) in two biological replicates. 

Briefly, 100 ng of genomic DNA extracted from sea urchin, lancelet, 
and zebrafish embryos and adult tissues was spiked with 1 ng of 
CpG-methylated  phage DNA (Wisegene) and 0.5 ng of all-C 
hydroxymethylated pUC19 plasmid DNA (Wisegene) and sonicated to 
~300-bp fragments using an M220 focused ultrasonicator (Covaris), 
with the following parameters: peak incident power, 50 W; duty 
factor, 20%; cycles per burst, 200; and treatment time, 75 s. Sonicated 
DNA (125 l of total volume) was concentrated to 16.6 l using 
AMPure beads (1 volume of DNA : 2 volumes of AMPure beads). 
5hmC protection reaction was performed using -glucosyltransferase 
(10 U/l; New England Biolabs) in Cutsmart Buffer according to 
the manufacturer’s instructions at 37°C for 1  hour, followed by 
10 min at 65°C. The DNA was denatured in dimethyl sulfoxide at 
95°C for 10 min and immediately placed on dry ice for 2 min allowing 
the samples to freeze. C and 5mC deamination reaction was performed 
using the APOBEC3A enzyme (NEBNext Enzymatic Methyl-seq Kit, 
New England Biolabs) with the following ramping conditions: 4°C 
for 10 min, 4° to 50°C 2:15 min per degree of the ramp, 50°C for 
10 min. Deaminated DNA was then purified using AMPure beads 
(1 volume of DNA: 1 volume of AMPure beads) and subjected to 
low-input library preparation using an Accel-NGS Methyl-Seq DNA 
kit (Swift Biosciences). Briefly, DNA was denatured and subjected 
to an adaptase reaction, followed by primer extension, adapter 
ligation, and 15 cycles of indexing PCR. Library size and consistency 
were determined by the Agilent 4200 TapeStation system. The 
libraries were quantified using the KAPA library quantification 
kit (Roche).

hMeDIP-seq library preparation
The hMeDIP assay was performed in two biological replicates 
according to the manufacturer’s instructions (Active Motif, hMeDIP, 
catalog no. 55010) on sea urchin 72-hpf, lancelet 36-hpf, and zebrafish 
24-hpf embryos. DNA was sonicated with Covaris to generate 
~300-bp fragments. Briefly, 200 to 400 ng of fragmented DNA 
were spiked with either unmethylated, 5mC-methylated, or 5hmC- 
hydroxymethylated 338-bp PCR product of APC genomic locus. 
The DNA was denatured for 10 min at 95°C and immunoprecipitated 
overnight at 4°C with 4 l of 5hmC monoclonal antibody (Active Motif, 
catalog no. 55010). To allow selective enrichment of immune-captured 
DNA fragments, the mixture was incubated with 25 l of protein G 
magnetic beads for 2 hours at 4°C before washing of unbound DNA 
fragments. Bound hydroxymethylated DNA was eluted, treated 
with proteinase K, and purified by phenol/chloroform/isoamyl 
alcohol extraction and ethanol precipitation. hmC-containing DNA 
was subjected to library preparation using the TruSeq ChIP Sample 
Preparation kit (Illumina). The specificity of the hMeDIP assay was 
validated by quantitative PCR of the unmethylated, methylated, and 
hydroxymethylated spike-in APC controls.

ATAC-seq library preparation
ATAC-seq assays were performed on sea urchin embryos as previ-
ously described (74) in two biological replicates. For each of the two 
ATAC-seq replicates, approximately 45,000 cells (corresponding to 
~135 embryos at 48 hpf) were lysed in cold lysis buffer [10 mM tris 
(pH 7.4), 10 mM NaCl, 3 mM MgCl2, and 0.2% NP-40/IGEPAL) 
after removing the seawater and washing the embryos with filtered 
ice-cold artificial seawater three times by centrifuging at 500g. The 
resultant nuclei were then incubated for 30 min at 37°C with an 
in-house made Tn5 enzyme and purified with the QIAGEN MinElute 
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kit (Qiagen, 28004). PCRs for each replicate were performed with 
15 cycles using Ad1F and Ad2.2R primers and NEBNext High- 
Fidelity 2× PCR Master Mix (New England Biolabs, catalog no. 
M0541). The resulting libraries were multiplexed and sequenced on 
HiSeq 4000 lanes.

MethylC-seq data analysis
Sea urchin and lancelet MethylC-seq libraries were sequenced on the 
Illumina HiSeqX platform [150 bp, paired end (PE)]. Sequenced reads 
in FASTQ format were trimmed using Trimmomatic (ILLUMINACLIP: 
adapter.fa:2:30:10 SLIDINGWINDOW:5:20 LEADING:3 TRAILING:3 
MINLEN:50). Trimmed reads were mapped to Spur_v3.1, Bl71nemr 
and danRer10 genome references for sea urchin, lancelet, and zebrafish, 
respectively, (all containing the  phage genome as chrLambda) using 
WALT with the following settings: -m 10-t 24 -N 10000000 -L 2000.  
Mapped reads in SAM format were converted to BAM and indexed 
using SAMtools (75). Optical and PCR duplicates were removed using 
Picard Tools function MarkDuplicates REMOVE_DUPLICATES = 
true (http://broadinstitute.github.io/picard/). Methylated and un-
methylated cytosines at each genomic CpG position were called using 
MethylDackel v0.3.0 (https://github.com/dpryan79/MethylDackel). 
Additional MethylDackel extract parameters --minOppositeDepth 
5 --maxVariantFrac 0.5 were used for the genotype correction (to 
exclude C-to-T nucleotide transitions). In addition, sequencing read 
boundaries obtained from MethylDackel mbias were reviewed and 
fed into MethylDackel extract --OT a,b,c,d, --OB a,b,c,d param-
eters. For MethylC-seq, bisulfite conversion efficiency was esti-
mated from the  phage spike-in control. Global DNA methylation 
at different developmental stages was estimated using two approaches: 
(i) 5mC/C ratio per single CpG site and averaged across all CpG 
sites in the genome and (ii) sliding window approach where av-
erage 5mC/C was calculated per 10-kbp windows with 2-kbp 
sliding intervals. Sliding windows were generated using bedtools 
makewindows -w 10000 -s 2000.

ACE-seq data analysis
Sea urchin, lancelet, zebrafish, and mouse ACE-seq libraries were 
sequenced on Illumina HiSeqX and NovaSeq 6000 platforms 
(150 bp, PE). Adapter clipping and read quality trimming was per-
formed using Trimmomatic (ILLUMINACLIP:NEXTflex.fa:2:30:10 
SLIDINGWINDOW:5:20 LEADING:5 TRAILING:5 MINLEN:50 
CROP:140 HEADCROP:10  ). These settings allow for the removal 
of low-complexity Adaptase tails. Trimmed reads were mapped to 
Spur_v3.1, Bl71nemr, danRer10, and mm10 genome references for 
sea urchin, lancelet, zebrafish, and mouse (32), respectively, (all 
containing the  phage genome as chrLambda and pUC19 plasmid 
genome as chrPUC) using WALT with the following settings: -m 
10 -t 24 -N 10000000 -L 2000. Mapped reads in SAM format were 
converted to BAM and indexed using SAMtools. Optical and PCR 
duplicates were removed using Picard Tools’s function MarkDuplicates 
REMOVE_DUPLICATES  =  true. Reads with more than three 
consecutive nonconverted cytosines in the CC, CA and, CT context 
were removed using Picard Tools’ function FilterSamReads. To 
determine sequencing read boundaries displaying uniform hydro-
xymethylation rate and to increase the accuracy of CpG hydro-
xymethylation calling, we ran the methylation bias command: 
MethylDackel mbias. The numbers of hydroxymethylated and 
unmethylated cytosines at each genomic CpG position were 
called using the MethylDackel extract genome.fasta input.bam -o 

output --mergeContext. Additional MethylDackel extract parame-
ters --minOppositeDepth 5 --maxVariantFrac 0.5 were used for 
genotype correction. In addition, sequencing read boundaries 
obtained from MethylDackel mbias were reviewed and fed into 
MethylDackel extract --OT a,b,c,d, --OB a,b,c,d parameters. To call 
ACE-seq peaks, we joined CpG sites with 5hmCG/CG levels 0.1 
located within 100 bp of each other in hydroxymethylated regions.

Statistical analysis of hydroxymethylation calling
Statistical analysis of the accuracy of ACE-seq 5hmC calling at a 
given CpG site was performed following the assumption that the 
number of “C” reads (Nc) for each CpG site follows a binomial dis-
tribution Nc ~ binomial(p, n) where p (probability distribution) is 
the 5mC-to-T nonconversion rate and n is sequencing depth (number 
of “C” + “T” reads per each CpG site). Proportion test (R prop.test) 
was used to test the null hypothesis H0 that the observed proportion 
(the number of “C” reads at a given CpG site) equals the expected 
proportion (p) and the alternative hypothesis H1 that that the 
observed proportion is greater than the expected proportion. The 
following parameters were used: prop.test(x, n, p = nonconv_rate, 
alternative = “greater”), where x is a vector of counts of successes 
(number of “C” reads for each CpG site), n is a vector of counts of 
trials (number of “C” + “T” reads per each CpG site, i.e., coverage), 
p is a vector of probabilities of success (5mC-to-T nonconversion 
rate). Nonconversion rate of each ACE-seq library was estimated 
using the M.SssI CpG methyltransferase 5mCG-methylated  phage 
spike-in controls. The nonconversion rate is the proportion of “C” 
reads at methylated CpG sites of the 5mCG  phage spike-in control 
being incorrectly retained as cytosines due to inefficient APOBEC3A- 
mediated deamination of 5mC. The statistical analysis was restricted 
to CpG sites covered by at least 10 reads.

Identification of DMRs
Differentially methylated CpG sites between consecutive embryonic 
and adult stages were identified using the DMLtest function of the 
DSS package. Differentially methylated CpG sites located within 
50 bp from each other were joined into regions (DMRs), which were 
filtered to harbor at least five differentially methylated CpGs that 
span at least 50 bp. DMRs containing more than 25% of CpGs within 
them with sequencing coverage less than 5× were excluded from the 
analysis. The remaining DMRs were defined as hypomethylated or 
hypermethylated when both replicates displayed at least 20% average 
methylation difference between consecutive developmental stages.

hMeDIP-seq data analysis
hMeDIP-seq libraries from sea urchin 72-hpf, lancelet 36-hpf, and 
zebrafish 24-hpf embryos were sequenced on Illumina HiSeq X 
platform. hMeDIP-seq raw data were processed using the NGSANE 
framework v0.5.2.0. Briefly, sequenced hMeDIP-seq reads in FASTQ 
format were trimmed using Trimmomatic (ILLUMINACLIP: 
TruSeq3-PE.fa:2:30:10 SLIDINGWINDOW:5:20). Trimmed reads 
were mapped to Spur_v3.1, Bl71nemr and danRer10 reference 
genomes for sea urchin, lancelet, and zebrafish, respectively, using 
bowtie2 v2.1.0 with the following parameters: bowtie2 --end-to-end -R 
2 -p 10 -N 1 --very-sensitive -X 1000 --no-mixed --no-discordant (76). 
Optical and PCR duplicates were removed using Picard Tools func-
tion MarkDuplicates REMOVE_DUPLICATES = true. hMeDIP-seq 
signal enrichment over ATAC-seq peaks was plotted using deep-
Tools2 computeMatrix reference-point and plotHeatmap functions.
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ATAC-seq data analysis
Sea urchin ATAC-seq data were generated as part of this study, 
whereas lancelet and zebrafish ATAC-seq data were downloaded 
from GSE106428. Sequenced ATAC-seq reads in FASTQ format were 
trimmed using Trimmomatic software (ILLUMINACLIP:TruSeq3-PE.
fa:2:30:10 SLIDINGWINDOW:5:20 LEADING:3 TRAILING:3 
MINLEN:25). Properly paired trimmed read pairs were mapped to 
Spur_v3.1, Bl71nemr, and danRer10 genome references for sea 
urchin, lancelet, and zebrafish, respectively, using bowtie2 v2.1.0 with 
the following parameters: bowtie2 -p 10 -N 1 --very-sensitive -X 
2000 --no-mixed --no-discordant. Mapped reads in SAM format 
were converted to BAM and indexed using SAMtools. Optical and PCR 
duplicates were removed using Picard Tools function MarkDuplicates 
REMOVE_DUPLICATES = true. ATAC-seq fragment length distri-
bution was plotted using deeptools2 bamPEFragmentSize --histogram. 
Removal of mono-, di-, and trinucleosome-bound DNA fragments 
(and retention of the nucleosome-free fragments) and read adjust-
ment +4 and −5 bp for positive and negative strand, respectively, was 
performed using deepTools2 alignmentSieve --ATACshift --max-
FragmentLength 100. Peaks were called using MACS2 with the fol-
lowing parameters: macs2 callpeak -t $input_bam -f BAMPE -g 
${genome_size} --nomodel --nolambda --outdir ${OUTPUT_DIR} -n 
$name --call-summits -B -q 0.05 (77).

RNA-seq data analysis
Sea urchin RNA-seq data were downloaded from PRJNA81157, 
whereas lancelet and zebrafish RNA-seq data were downloaded 
from GSE106430/PRJNA416866. Illumina adapter trimming was 
performed using TrimGalore v0.4.0 (https://github.com/FelixKrueger/
TrimGalore). Trimmed sequence reads were aligned to the Spur_
v3.1, Bl71nemr and danRer10 reference genomes for sea urchin, 
lancelet, and zebrafish, respectively, using STAR v2.4.0d. Quantifica-
tion of transcript abundance was performed using RSEM v1.2.2. TET 
genes analyzed in this study correspond to the following IDs: 
WHL22.387614 (SPU_027517) for sea urchin; BL00006 for the European 
lancelet; and ENSDARG00000075230, ENSDARG00000076928, 
and ENSDARG00000062646 for zebrafish.

TET protein sequence and structure conservation analysis
Sea urchin TET protein sequence was retrieved from The Universal 
Protein Resource (UniProt): UniProtKB-A0A7M7NF23 methyl-
cytosine dioxygenase TET (A0A7M7NF23_STRPU). Florida lancelet 
TET protein sequence was retrieved from the National Center for 
Biotechnology Information (NCBI): https://ftp.ncbi.nlm.nih.gov/
genomes/all/annotation_releases/7739/100/GCF_000003815.2_
Bfl_VNyyK/GCF_000003815.2_Bfl_VNyyK_protein.faa.gz, 
XP_035668917.1 methylcytosine dioxygenase TET1-like isoform 
X1 (Branchiostoma floridae). Fruit fly, zebrafish, mouse, and human 
TET protein sequences were retrieved from UniProt. To predict 
TET protein domain structure, amino acid sequences of target sTET, 
bTET, and zebrafish TET1, TET2, and TET3 proteins in FASTA 
format were used as input for HMMER (http://hmmer.org/) and 
SWISS-MODEL. Multiple alignments of TET protein amino acid 
sequences were performed using UniProt. The Multiple sequence 
alignment (MSA) comparison was visualized using Jalview 2.11.1.4 
(78). SWISS-MODEL was used to perform protein structure ho-
mology modeling. First, amino acid sequences of target sTET, 
bTET, and zebrafish TET1, TET2, and TET3 proteins in FASTA 
format were used as input. 5d9y.1.A (crystal structure of human 

TET2-5fC complex) and 5exh.1.C (crystal structure of mTET3-CxxC 
domain in complex with 5caC DNA) were identified as the top-
ranked templates based on global model quality estimate, which 
provides a quality estimate combining the properties from the target- 
template alignment and the template structure. Sequence identity 
between the input and 5d9y.1.A template was 57 and 64% for sea 
urchin sTET and lancelet sTET, respectively; and 71, 75, and 67% for 
zebrafish TET1, TET2, and TET3, respectively. 5d9y.1.A template was 
used to build a three-dimensional (3D) model of the TET N-terminal 
catalytic domain. Model quality was assessed by QMEANDisCo 
global (the entire structure) quality score, which is a quality mea-
surement ranging between 0 and 1; the closer the score to 1, the 
higher the expected quality. QMEANDisCo global score was 0.72 and 
0.70 for sea urchin sTET and lancelet sTET, respectively; and 0.62, 
0.57, and 0.80 for zebrafish TET1, TET2, and TET3, respectively.

Analysis of developmentally hydroxymethylated zebrafish 
gene orthologs
To assess the temporal and spatial expression of zebrafish orthologs 
of sea urchin genes linked to 5hmC enrichment (ATAC hmC+ genes), 
we first identified orthologous genes by converting sea urchin and 
zebrafish gene IDs to D. melanogaster gene IDs using ENSEMBL 
BioMART tool. Next, sea urchin genes harboring ATAC hmC+ 
peaks within their promoters or gene bodies were identified. Zebrafish 
genes, orthologous to sea urchin ATAC hmC+ genes, were used in 
the downstream analysis. To compare developmental expression 
dynamics of zebrafish genes having distinct regulatory landscapes 
after three rounds of whole-genome duplication, we identified 
zebrafish 2R/3R ohnologs among zebrafish genes, orthologous to the 
sea urchin ATAC hmC+ genes. 2R and 3R ohnologs [Intermediate: 
q-score (outgroups) < 0.01 and q-score (self-comparison) < 0.01] were 
downloaded from http://ohnologs.curie.fr/cgi-bin/BrowsePage.
cgi?org=drerio (62). Ohnologs were first split into three groups: 
(i) genes associated with 5hmC-marked ATAC-seq peaks overlapping 
phylo-DMRs (5hmC/phylo-DMR), (ii) 5hmC-marked ATAC-seq 
peaks not overlapping phylo-DMRs (5hmC/no phylo-DMR), and 
(iii) non-5hmC ATAC-seq peaks not overlapping phylo-DMRs 
(no 5hmC/no phylo-DMR) in their distal regulatory domains. Zebrafish 
distal regulatory domains were defined using GREAT gene-regulatory 
domain definition (54). Briefly, basal regulatory domains were 
defined as 5 kb upstream and 1 kb downstream of the TSS, regard-
less of the neighboring genes. To define distal regulatory domains, 
basal regulatory domains of each gene were extended upstream and 
downstream to the neighboring gene’s basal domain but no more than 
1000 kb in each direction. Twenty-four– and 48-hpf ATAC-seq peaks 
were downloaded from DANIO-CODE (ATAC-seq_Skarmeta_
Lab_0001AS, https://danio-code.zfin.org). Only the ohnologs with 
at least two different regulatory landscapes (5hmC/phylo-DMR, 
5hmC/no phylo-DMR, or no 5hmC/no phylo-DMR) were considered 
in the downstream bulk RNA-seq and single-cell RNA sequencing 
(scRNA-seq) analysis.

scRNA-seq data analysis
Zebrafish 24-hpf embryo scRNA-seq InDrop data were downloaded 
from GSE112294 (63). The data were converted to a file format that 
resembles a 10X Chromium CellRanger output using the indRop 
R package (https://github.com/caleblareau/indRop) and processed 
using the standard Seurat pipeline. Briefly, single cells with less than 
200 detected genes, more than 4000 detected genes, indicative of 
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empty droplets and duplicate cells in the droplet, respectively, were 
discarded. Cells with total Unique molecular identifier (UMI) (tran-
script) counts less than 1000 and more than 15,000 were excluded 
from the analysis. Read counts were normalized by a factor of 
10,000 and log-transformed. Highly variable features were identified 
using   FindVariableFeatures function. The number of UMIs per cell 
was regressed out using Seurat’s ScaleData function. RunPCA was 
used to perform linear dimensionality reduction on scaled data using 
determined highly variable features. Cell clustering was performed 
using FindNeighbors(object, reduction = "pca", dims = 1:20) and 
FindClusters(object, resolution = 0.5, algorithm = 1). Nonlinear 
dimensionality reduction was performed using uniform manifold 
approximation and projection: RunUMAP(object, reduction = 
"pca", dims = 1:20).

scRNA-seq downstream analysis
FindAllMarkers function was used to define gene markers for every 
cluster in the 24-hpf zebrafish embryo. Top 20 genes identified as 
cluster features (63) were matched with the obtained gene markers and 
used to assign cell clusters to different tissue types. AddModuleScore 
function was used to define module scores for a set of genes harbor-
ing a 5hmC peak and a phylo-DMR (5hmC/phylo-DMR), and genes 
harboring a 5hmC peak not overlapping a phylo-DMR (5hmC/no 
phylo-DMR), and genes without a 5hmC peak and without a 
phylo-DMR (no 5hmC/no phylo-DMR). Positive module score in-
dicates that a given module of genes is more highly expressed in a 
certain cell than what would be expected from the average expression 
of this gene module across all cells in the population. Module score 
was then z-transformed and used in the FeaturePlot. To generate 
“upset” plots, PrctCellExpringGene function was used to calculate 
the percentage of cells expressing each of the genes in the 5hmC/
phylo-DMR, 5hmC/no phylo-DMR, and no 5hmC/no phylo-DMR 
gene sets. Genes with nonzero expression counts in more than 25% 
of cells in any given cluster were deemed expressed in that cluster. 
UpSetR package upset function was used to display the number of 
genes in the gene set expressed per cluster, as well as the number of 
genes expressed across different numbers of clusters.

DNA-sequence motif analysis
Motif analysis of the 5hmC-marked ATAC-seq regions (±250 bp 
from the ATAC-seq peak summit) associated with promoters or 
gene bodies was performed using HOMER findMotifsGenome.pl 
using the default HOMER background normalized for GC content. 
Motifs were visualized using R package ggseqlogo.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abn2258
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