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Global patterns of enhancer activity during sea urchin
embryogenesis assessed by eRNA profiling
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Department of Biological Sciences, Carnegie Mellon University, Pittsburgh, Pennsylvania 15213, USA

We used capped analysis of gene expression with sequencing (CAGE-seq) to profile eERNA expression and enhancer activity
during embryogenesis of a model echinoderm: the sea urchin, Strongylocentrotus purpuratus. We identified more than 18,000
enhancers that were active in mature oocytes and developing embryos and documented a burst of enhancer activation dur-
ing cleavage and early blastula stages. We found that a large fraction (73.8%) of all enhancers active during the first 48 h of
embryogenesis were hyperaccessible no later than the 128-cell stage and possibly even earlier. Most enhancers were located
near gene bodies, and temporal patterns of eRNA expression tended to parallel those of nearby genes. Furthermore, en-
hancers near lineage-specific genes contained signatures of inputs from developmental gene regulatory networks deployed
in those lineages. A large fraction (60%) of sea urchin enhancers previously shown to be active in transgenic reporter assays
was associated with eRNA expression. Moreover, a large fraction (50%) of a representative subset of enhancers identified
by eRNA profiling drove tissue-specific gene expression in isolation when tested by reporter assays. Our findings provide an
atlas of developmental enhancers in a model sea urchin and support the utility of eRNA profiling as a tool for enhancer
discovery and regulatory biology. The data generated in this study are available at Echinobase, the public database of in-

formation related to echinoderm genomics.
[Supplemental material is available for this article.]

Spatial and temporal control of gene expression is the hallmark of
animal embryogenesis. Gene regulatory programs that drive
development can be viewed as dynamic, lineage-restricted tran-
scriptional networks, also known as developmental gene regulato-
ry networks (GRNs) (Davidson and Levine 2008; Peter and
Davidson 2015, 2016). The core components of developmental
GRNs are the suites of transcription factors (TFs) present in a cell
at any specific time, which define the transient regulatory state
of that cell, and the noncoding, cis-regulatory DNA modules
(CRMs) to which these TFs bind. A detailed understanding of the
genetic circuitry that drives development therefore requires the
identification of regulatory DNA elements and an analysis of their
dynamic patterns of utilization during embryogenesis.
Enhancers, traditionally characterized by their ability to func-
tion over long distances and their insensitivity to orientation, play
a central role in controlling spatial and temporal patterns of differ-
ential gene expression during development (Ong and Corces 2012;
Farley et al. 2015; Long et al. 2016; Furlong and Levine 2018). The
importance of enhancers has been shown, in part, by their ability
to drive the transcription of reporter genes in vivo in temporal and
spatial patterns that partially or fully recapitulate expression pat-
terns of endogenous genes. Enhancers are themselves transcribed,
a process that generates a class of noncoding RNAs known as en-
hancer RNAs (eRNAs) (De Santa et al. 2010; Kim et al. 2010; for re-
view, see Arnold et al. 2020; Sartorelli and Lauberth 2020; Hou and
Kraus 2021). Although their characteristics are still being actively
investigated, eRNAs are typically short (<400 nt), capped, nonpo-
lyadenyated, unspliced, nuclear RNAs (Andersson et al. 2014).
They are typically bidirectionally transcribed, although there
have also been reports of various levels of strand-biased transcrip-
tion at enhancers (De Santa et al. 2010; Koch et al. 2011;
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Mikhaylichenko et al. 2018), and the bidirectional transcription
of enhancers observed at a cell population level reflects a mixture
of highly strand-biased transcriptional patterns at a single-cell lev-
el (Kouno et al. 2019). Because eRNAs are typically nonpolyadeny-
lated and are of low abundance, they are not readily detectable by
most conventional, steady-state mRNA-sequencing methods, and
their annotation is facilitated by specialized approaches such as
cap analysis of gene expression (CAGE) (Murakawa et al. 2016;
Sakaguchi et al. 2018; Hirabayashi et al. 2019; Kouno et al. 2019;
Morioka et al. 2020). It remains somewhat unclear whether the
process of transcription itself, the eRNA products of that transcrip-
tion, or both are important for enhancer activity. A growing num-
ber of studies have shown that eRNAs have important molecular
functions and can act to facilitate enhancer—promoter looping, re-
cruit TFs, or release paused RNA polymerase II (Sartorelli and
Lauberth 2020; Hou and Kraus 2021).

Predicting the location and activity of enhancers remains a
significant challenge, although a variety of strategies are currently
available (Calo and Wysocka 2013; Suryamohan and Halfon 2015;
Catarino and Stark 2018). Recent studies have shown that eRNA
expression is a highly reliable indicator of enhancer activity, and
analyses of specific genetic loci have revealed that eRNA synthesis
precedes or coincides with transcription from the associated locus
(Andersson et al. 2014; Arner et al. 2015; Kim et al. 2015;
Henriques et al. 2018; Mikhaylichenko et al. 2018; Tyssowski
et al. 2018; Hirabayashi et al. 2019). Based on these findings, sev-
eral studies have successfully leveraged eRNA expression to ana-
lyze specific sets of enhancers (Wang et al. 2011; Cauchy et al.
2016; Baillie et al. 2017; Denisenko et al. 2017). There is a growing
view that eRNA expression is the most reliable marker of enhancer
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activity currently available (Arnold et al.
2020; Sartorelli and Lauberth 2020).

This work has two related goals: (1)
to leverage eRNA expression to provide
a global picture of enhancer activity dur-
ing the early development of an animal
embryo, and (2) to thereby provide a re-
source to the echinoderm research com-
munity to aid in cis-regulatory analysis
and GRN biology. We profiled eRNA ex-
pression during early embryogenesis of
the purple sea urchin, Strongylocentrotus
purpuratus, an organism used widely for
developmental studies, including GRN
biology. Through deep-sequencing of
CAGE libraries, we provide an atlas of
more than 18,000 developmental en-
hancers and confirm the activity of a rep-
resentative subset by transgenic reporter
assays. We use eRNA expression data to
analyze the patterns of activity of devel-
opmental enhancers and identify global
trends as well as signatures of lineage-
specific transcriptional programs. This
work provides an important resource
for future studies of gene regulatory
processes that underlie the development
of sea urchins and other echinoderms.
The data generated in this study are avail-
able through Echinobase (https://www
.echinobase.org/), the public data-
base of genomic resources related to
echinoderms.

Results

General characterization of embryonic
eRNAs

We collected samples of total RNA from
S. purpuratus embryos immediately after
fertilization (0 hpf) and at successive 6-
h intervals until the end of gastrulation
(6, 12, 18, 24, 30, 36, 42, and 48 hpf).
CAGE libraries were sequenced at high
depth (more than 100 million reads per
sample), and eRNAs were identified
through a bioinformatics pipeline de-
scribed by Hirabayashi et al. (2019) (an
example of eRNA signal near the Sp-jun
gene is shown in Fig. 1). This analysis
led to the identification of 18,078 dis-
tinct eRNAs expressed in diverse tempo-
ral patterns during early S. purpuratus
embryogenesis. As has been well docu-
mented, the steady-state abundance of
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Figure 1. Examples of eRNA peaks near Sp-jun. (A) Three of the four eRNA peaks shown (top track; gray

bars) overlap with chromatin regions that are hyperaccessible at 24 hpf but not at the 128-cell stage, as
determined by ATAC-seq and DNase-seq (Shashikant et al. 2018). (B) Temporal CAGE-seq coverage
tracks illustrate the bidirectional expression of eRNAs and the very low abundance of eRNA reads relative
to coding genes (scale: zero to three read counts). Sea urchin jun is expressed at high levels maternally,
followed by a second peak of expression at gastrula stage. Spatially, jun is distributed homogenously in
unfertilized egg and during early cleavages and is restricted to the PMCs at later stages (Russo et al.
2014).

eRNAs was much lower on average than that of mRNAs. Of the ge-
nomic elements associated with these eRNAs, which represent pu-
tative enhancers, approximately half (50.4%) overlapped
annotated genes by at least 1 nucleotide (nt). Most of the eRNA
peaks that did not overlap annotated genes (the “intergenic” class
in Fig. 2B) were located within 20 kb of the annotated genes, as ex-

pected given that the average intergenic distance in S. purpuratus is
23.5 kb (Fig. 2A; Tu et al. 2012). Of the eRNA peaks that overlapped
annotated genes, 63.7% were located in introns. In addition, 8.5%
of all eRNA peaks were located within promoters (defined as a 2-kb
region upstream of the transcriptional start site [TSS]) (Fig. 2B);
2951/18,078 eRNA peaks (or 16.3% of all peaks) were not located
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We identified some eRNA peaks (1920/
18,078, or 10.6%) that were inaccessible
at the 128-cell stage and open at 24-28
hpf (some examples can be seen in Fig.
1B), but these were relatively uncommon
(Fig. 2C).

Temporal patterns of eERNA expression
during early sea urchin development
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majority of eRNAs (13,706/18,078, or
75.8%) lacked detectable maternal ex-
pression and thus marked enhancers
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found that the diversity of the eRNA pop-
ulation increased during cleavage and
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tal number of eRNAs remained relatively
constant (Fig. 2D). Early-zygotic deploy-
ment of enhancers was also evident
when we focused on the number of new-
ly-appearing eRNAs at each developmen-
tal stage, which was maximal at 6 and 12
hpf (Fig. 2E). Although eRNAs showed
diverse patterns of expression during em-
bryogenesis (see below), we observed
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Time (hpf)

0 6 12 18 24 30 36 42 48

that, once activated, zygotic enhancers
tended to remain active through gastru-

Time (hpf)
lation. Thus, of the 13,706 eRNAs that

Figure 2. Annotation and analysis of eRNA peaks. (4) Frequency histogram illustrating peak-to-gene
distances, with each bar representing 5000 bp. (B) Pie chart showing the location of eRNA peaks relative
to nearest annotated gene. (C) Venn diagram showing the distribution of eRNA peaks that overlap with
regions of chromatin shown to be hyperacessible at 128-cell stage and 24 hpf by ATAC-seq and at 28 hpf
by DNase-seq (Shashikant et al. 2018). (D) Total number of eRNAs (greater than zero TPM expression) at
each time point. () Number of newly-appearing eRNAs at each time point.

appeared during early embryogenesis,
73.9% (10,122/13,706) were expressed
at 48 hpf, the latest developmental stage
we examined. We found that maternally

within 20 kb of any annotated gene. In some cases, however, these
peaks were located near the ends of genomic scaffolds, and their
positions relative to genes could not be accurately determined.
The eRNA peaks that overlapped with or were located within 20
kb of annotated genes (83.7% of all eRNA peaks, or 15,127 peaks)
were associated with 7528 genes. The great majority (14,422/
18,078, or 79.8%) of eRNA peaks overlapped regions of chromatin
that were previously shown by ATAC-seq and/or DNase-seq to be
hyperaccessible at 24 hpf, a time point in the middle of the devel-
opmental period sampled in this study (0-48 hpf) (Fig. 2C; Shashi-
kant et al. 2018). We also found that most eRNA peaks (13,348/
18,078, or 73.8%) overlapped regions of chromatin that were

provisioned eRNAs were, on average, lo-

cated closer to gene bodies and more like-

ly to be found in promoter regions (the 2-
kb region upstream of the TSS), although the biological signifi-
cance of this is unclear (Supplemental Fig. S1). The average size
of eRNA peaks showed little change during development (mean
length =320-360 at all stages examined).

We used k-means clustering to assess the temporal expression
patterns of eRNAs during early development. We partitioned the
expression patterns of eRNAs into 20 clusters (Fig. 3; Supplemental
Fig. S2), anumber that was chosen based on estimations of sum of
squares of cluster tightness as a function of cluster number (Sup-
plemental Fig. S3A). Our analysis revealed a relatively small subset
of eRNAs (1214/18,078, or 6.7%) that were maximally expressed in
the fertilized egg (clusters 1 and 2) (Supplemental Fig. S4). A large
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Figure 3. Heatmap based on k-means clustering (K=20) of eRNA temporal expression profiles. The

number of eRNAs in each cluster is shown in parentheses.

fraction of eRNAs (7340/18,078, or 40.6%) showed peaks in ex-
pression at 6 or 12 hpf (clusters 3-9). Within this group, we detect-
ed a small set of transiently expressed eRNAs (cluster 3) that were
maximally expressed at 6 hpf; these eRNAs mark the first enhanc-
ers to be zygotically activated in S. purpuratus. The remaining ~60%
of embryonic eRNAs were expressed mostly at later developmental
stages and included sets that peaked in expression at 18 hpf (Clus-
ter 10), 24 hpf (cluster 13), 30 hpf (cluster 14), or 36 hpf (cluster
15). A substantial fraction of eRNAs (6367/18,087 or 35.2%) was
maximally expressed late in gastrulation (42 hpf or 48 hpf; clusters
11, 16-20). A subset of zygotic eRNAs showed biphasic patterns of
expression; that is, they were activated early in development, de-
clined in expression, and then increased again later in develop-
ment (e.g., clusters 6, 8, 9, and 11).

For each expression cluster, we examined Gene Ontology
(GO) terms associated with the nearest annotated genes located
within 20 kb of the eRNAs in that cluster. This analysis revealed
largely nonoverlapping patterns of GO term enrichment
(Supplemental Fig. S5). For example, genes associated with Wnt
signaling were preferentially associated with cluster 5. Enhancers
in this cluster showed maximal activity at 12 hpf, a time when ca-
nonical and noncanonical Wnt signaling patterns the early em-
bryo along the animal-vegetal axis (Cui et al. 2014; Martinez-
Bartolomé and Range 2019). Several clusters showed enrichment
of genes associated with regulation of RNA polymerase II-mediat-
ed transcription, and cluster 19 (peak expression at 42 hpf) was
preferentially associated with genes associated with growth regula-
tion. De novo motif analysis of eRNA peaks using HOMER also re-
vealed cluster-specific signatures of likely TF binding sites
(Supplemental Table S1).

We next asked whether patterns of eRNA expression were re-
lated to the expression patterns of likely target genes. For this anal-
ysis, we used mRNA expression values from the same nine CAGE-
seq libraries that were used for eRNA identification, and focused on
the expression of (1) genes that had at least one eRNA peak located
within 20 kb of the gene at any stage (5837 genes) and (2) eRNAs
that were within 20 kb of any gene (13,056 eRNAs). The expression

Cluster 3 (631 levels of all eRNAs and mRNAs that met

8:3§g ; égggi these criteria were first normalized to

Cluster 5 (893) their mean expression levels, thereby al-

8:32%2::; ?g}; lowing the two different classes of tem-

Cluster 9  (626) poral expression data to be pooled. k-
)

Cluster 6 (1046

Cluster 4 (2816)

Cluster 11 (1012
Cluster 10 (649

Means clustering of the pooled eRNA/
mRNA expression patterns led to the
identification of 20 expression clusters,
a number that was chosen based on esti-
mations of sum of squares of cluster
tightness as a function of cluster number,

0
8:332: ?g ggg as described above (Supplemental Fig.
-1 S6). Analysis of these clusters showed
Cluster 18 (1650) § , that eRNAs in a given expression cluster

Cluster 19 | were preferentially located near the
Cluster 13 (767 genes in that same expression cluster or
Cluster 12 (560 1 d . her cl ith
Cluster 15 (625 ocated near genes in other clusters wit

Cluster 17 (981 expression profiles that overlapped that
Cluster 14 (556 of the “parental” cluster (Fig. 4A). Thus,

the expression profiles of eRNAs tended
to resemble those of nearby genes; name-
ly, genes that are the most likely direct
targets of the cognate enhancers.

As shown above (Fig. 2C), most
eRNA peaks were accessible at both the
128-cell stage (~9 hpf) and 24 hpf. We looked more closely at
the subsets of eRNA peaks that were open (1) only at the 128-cell
stage or (2) only at 24 hpf. Peaks in the former set were found pref-
erentially in early eRNA expression clusters, whereas those in the
latter set were found preferentially in late eRNA expression clusters
(Fig. 4B,C). Thus, although most eRNA peaks are open at both stag-
es, some peaks reveal a relationship between enhancer accessibility
and activity.

We also noted that a substantial fraction (~18%) of the
13,348 enhancers accessible at the 128-cell stage showed no
detectable eRNA expression at 0, 6, or 12 hpf, and 40% showed be-
low-mean levels of expression at all three developmental stages.
These enhancers also showed a variety of later temporal patterns
of eRNA expression, but several thousand fell into expression clus-
ters with maximal expression many hours later in development.
For example, approximately 2000 of the enhancers accessible at
the 128-cell stage fell into expression clusters 18-20, with eRNA
expression maxima at 42 or 48 hpf. These findings indicate that
the accessibility of sea urchin enhancers can precede their activity,
and suggest that many of these regulatory elements undergo a pro-
gressive developmental maturation after they become accessible.

Signatures of lineage-specific GRNs

Several developmental GRNs have been characterized in sea ur-
chins, including those deployed in skeletogenic primary mesen-
chyme cells (PMCs), pigment cells, and the ciliary band. We
examined enhancers located within 20 kb of genes shown previ-
ously to be differentially expressed by PMCs (Rafiq et al. 2014), pig-
ment cells (Calestani et al. 2003; Barsi et al. 2015), and ciliated
band cells (Barsi et al. 2015). De novo motif analysis of these sets
of enhancers using HOMER revealed distinct patterns of enriched
motifs; more significantly, each set was enriched in motifs associ-
ated with cell type-specific TFs known to have important regulato-
ry functions in the GRN deployed in that particular lineage (Table
1). Thus, eRNA peaks located near genes differentially expressed by
PMCs were enriched in motifs that matched binding sites for Ets1
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Expression pattern correlation analysis of eRNAs and nearby genes (cluster analysis summa-

rized in Supplemental Fig. S6). (A) Fold enrichment of clustered eRNAs within 20 kb of genes in “paren-
tal” or other clusters (compared with total eRNAs in this analysis) is represented by the circles, and the
color of the circles correspond to the significance of the enrichment, expressed as —log;o(FDR). Only clus-
ter pairs that show greater than 1.5-fold enrichment and FDR<0.05 are shown. (B) Analysis of eRNA
peaks that are exclusively accessible at the 128-cell stage (128-cell eRNAs) or 24 hpf (24 hpf eRNAs) to
overlap with eRNA peaks from different temporal expression clusters. (C) Analysis of eRNA peaks that
are exclusively accessible at the 128-cell stage or 24 hpf to be within 20 kb of clustered genes. Fold en-
richment is represented by the size of the circles, and the colors correspond to the significance of the en-
richment, expressed as —log;o(P-value). Only enrichments that show greater than 1.5-fold enrichment
and P<0.05 are shown.

and Alx1, two key early TFs in the skeletogenic GRN (Kurokawa
and Ettensohn 1999; Ettensohn et al. 2003; Khor and Ettensohn
2020), whereas those located near genes differentially expressed

by pigment cells showed an enrichment
of consensus binding sites for Gcm, a piv-
otal regulator of pigment cell specifica-
tion (Ransick and Davidson 2006;
Wessel et al. 2020). Similarly, eRNA peaks
located near genes differentially ex-
pressed in the ciliated band were en-
riched in consensus binding sites for
Hnf6 (Otim et al. 2004), a component
of the ciliary band GRN.

ATAC-seq and DNase-seq have been
used to identify regions of chromatin
that are differentially open in PMCs rela-
tive to other cell types (Shashikant et al.
2018), and ChIP-seq data are available
for Alx1, which is expressed specifically
in PMCs (Khor et al. 2019). We examined
the set of eRNA peaks that were located
within 20 kb of genes differentially ex-
pressed by PMCs (a total of 734 eRNA
peaks) and found that they were signifi-
cantly more likely to overlap Alx1-bound
regions and regions differentially accessi-
ble in PMCs than eRNAs as a whole
(Supplemental Fig. S7A). Our analysis re-
quired only that at least 1 nt of the eRNA
peak overlap the secondary genomic fea-
ture, but increasing the overlap require-
ment had little effect, highlighting the
correspondence between these genomic
features (Supplemental Table S7). k-
Means clustering of the expression pat-
terns of the 734 corresponding eRNAs
identified six clusters (Supplemental
Fig. S7B,C). Many of these eRNAs
(36.4%; clusters 2 and 3) were activated
zygotically with peak expression at 12
hpf or 18 hpf, time points that corre-
sponded closely to the cell-autonomous,
early-zygotic activation of many effector
genes in the PMCs GRN (Rafiq et al.
2014). We found it noteworthy that an-
other large subset of eRNAs (38.1%; clus-
ters 5 and 6) showed peak expression at
42 hpf or 48 hpf; this may reflect the
well-documented global shift in the regu-
lation of PMC effector genes to a signal-
dependent mode during gastrulation
(Sun and Ettensohn 2014).

Experimental validation of predicted
enhancers

To assess the potential value of eRNAs for
enhancer discovery and GRN biology, we
took advantage of a relatively large set of
CRMs from S. purpuratus that has been
identified and analyzed to varying de-
grees in published studies, typically

through the use of in vivo reporter assays. A comprehensive survey
of the literature identified 92 such CRMs (Supplemental Table S2).
We found that a large fraction of these elements (55/92, or 60%)
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overlapped eRNA peaks by at least 1 nt. To provide additional evi-
dence of the utility of eRNAs for CRM discovery, we selected 20
eRNA peaks and cloned these regions into the EpGFPII reporter
plasmid, a vector that has been widely used for the identification
and analysis of CRMs in sea urchins (Cameron et al. 2004). One cri-
terion was applied in selecting eRNAs; we required that the nearest
gene have a known spatial pattern of expression based on prior
WMISH analysis, so that any tissue-specific pattern of reporter ex-
pression we observed could be compared with the endogenous ex-
pression pattern of the gene most likely to be regulated by that
enhancer. We tested 10 eRNA peaks located near genes expressed
selectively by PMCs, seven peaks near genes expressed selectively
by pigment cells, and three peaks near genes expressed by blasto-
coelar cells. Significantly, we found that a high fraction (10/20, or
50%) of the peaks showed enhancer activity in isolation, and all
10 active elements supported reporter gene expression in tissue-re-
stricted patterns that resembled the expression patterns of the clos-
est endogenous genes (Fig. SA,B; Table 2; Supplemental Table S8).
The fraction of embryos expressing GFP was consistently <100%
because of the mosaic inheritance of transgenes during embryonic
development (see Methods). We typically found that constructs
with especially low numbers of GFP-expressing embryos also

showed relatively faint GFP fluorescence (i.e., low expression), sug-
gesting that some embryos with low levels of expression were prob-
ably not detected.

Public availability of S. purpuratus eRNA expression data

The eRNA expression data described in this study are publicly
available. Tables containing the genomic coordinates of all eRNA
peaks and expression data at the nine time points analyzed in
this study are contained in the Supplemental Materials
(Supplemental Tables S3-56). In addition, JBrowse tracks indicat-
ing the locations of eRNA peaks at each developmental stage exam-
ined and a file containing the complete sequences of all eRNAs
identified in this study are available at Echinobase (https://www
.echinobase.org/), the public database of genomic resources relat-
ed to sea urchins and other echinoderms.

Discussion

To our knowledge, this is the first study that leverages eRNA ex-
pression to profile enhancer activity during animal embryogenesis
and the first to comprehensively profile developmental enhancer

Sp-stk35L

Figure 5. Experimental validation of eRNA peaks using GFP reporter constructs. (A) Embryos (~48 hpf) injected with reporter constructs containing
eRNA peaks near genes differentially expressed by PMCs. (B) Embryos (~72 hpf) injected with reporter constructs containing eRNA peaks near genes differ-

entially expressed by pigment cells. Scale bar, 50 pm.
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activity in an organism other than Drosophila (Negre et al. 2011;
Thomas et al. 2011; Bonn et al. 2012; Kvon et al. 2014;
Reddington et al. 2020). Our eRNA-based identification of approx-
imately 18,000 developmental enhancers in S. purpuratus is very
likely an underestimate given the challenges in detecting eRNAs,
which are expressed at very low levels, the fragmented nature of
the genome assembly we used, and the use of a single biological
replicate. Moreover, in whole-embryo analyses, it may be difficult
to detect eRNA signal from enhancers that are active in only a
small fraction of embryonic cells. It is noteworthy in this regard,
however, that we detected many enhancers associated with line-
age-specific genes, including genes expressed specifically by skele-
togenic PMCs, which represent only ~5% of the cells of the
embryo.

Global patterns of eRNA expression during sea urchin em-
bryogenesis parallel gene expression patterns in several respects.
RNA-seq data indicate that approximately 16,500 genes are ex-
pressed at a level of at least 300 transcripts per embryo during all
of S. purpuratus embryogenesis (0-72 hpf) (Tu et al. 2014). Our
identification of around 18,078 enhancers yields an average value
of 1.1 enhancers per gene, but the time frame is shorter in our anal-
ysis (0-48 hpf), and as noted above, there are reasons to believe
that our estimate of the total number of enhancers is on the low
side. Based on the CAGE-seq data generated in this study, we found
that a total of 11,692 genes were expressed 0-48 hpf, a value that
leads to an overall average of around 1.5 enhancers per gene. Of
these expressed genes, 22% did not have an eRNA peak within
50 kb of the gene. The remaining 78% had at least one peak with-
in 50 kb of the gene (57% of this subset had at least one peak with-
in 20 kb of the gene). These percentages were presumably lowered
by two factors: (1) the low expression levels of eRNAs, which
meant that some were undoubtedly undetected, and (2) the in-
complete nature of the S. purpuratus genome version 3.1 assembly
(see Methods). We detected about 4000 maternally provisioned
eRNAs, a number somewhat smaller than the approximately
9800 species of transcripts present in the unfertilized egg at levels
greater than 300 copies per egg (Tu et al. 2014). Again, eRNA ex-
pression likely provides a conservative estimate of the actual num-
ber of developmental enhancers; in addition, eRNAs in the mature
oocyte may be preferentially associated with enhancers that are ac-
tive late in oogenesis. We detected 13,000-15,000 eRNAs at each
embryonic stage (Fig. 2A), a number somewhat larger than the
number of genes that, on average, are expressed at more than
300 copies per embryo in S. purpuratus at the same developmental
stages (approximately 11,500) (Tu et al. 2014).

Our analysis revealed a burst of enhancer mobilization be-
tween fertilization and 12 hpf, a period that corresponds to cleav-
age and early blastula stages. This is consistent with considerable
evidence that there is no period of transcriptional quiescence fol-
lowing fertilization in sea urchins. Instead, a large portion of the
zygotic genome is activated during cleavage, leading to the rapid
establishment of several, distinct embryonic territories by the early
blastula stage (Davidson 1986; Davidson et al. 1998). Tu et al.
(2014) found that early (pregastrula) development was a particu-
larly dynamic phase when many genes showed marked changes
in levels of expression, whereas at later developmental stages, pat-
terns of gene expression remained more stable.

In general, the relationship between the accessibility of
developmental enhancers and their activity is poorly understood.
Our previous work showed that many PMC enhancers (79%) were
open at the 128-cell stage, several hours before the expression of
most PMC-specific transcripts (Shashikant et al. 2018). In this

study, using eRNA expression to globally catalog sea urchin en-
hancers, we found that a similar fraction (73.8%) of all enhancers
active during the first 48 h of embryogenesis was open no later
than the 128-cell stage, and possibly even earlier. There is evi-
dence pointing to the early accessibility of developmental en-
hancers in other organisms. An analysis of chromatin
accessibility during Drosophila development highlighted the dy-
namic nature of the chromatin landscape but also found that
more than half of DNase I hypersensitive sites (DHSs) (which
marked a variety of cis-regulatory elements, including enhancers)
present in the late embryo were also open at the cellular blasto-
derm stage (Thomas et al. 2011). More recently, Reddington
et al. (2020) also reported many examples of constitutively acces-
sible DHSs across the same developmental window. They provid-
ed evidence that these were preferentially associated with
ubiquitous chromatin remodelers and insulator proteins; in ap-
parent contrast, when 54 midembryonic, neuronal enhancers
were examined, very few were accessible in advance of activity.
In our eRNA-based study, we identified several thousand develop-
mental enhancers that were accessible at the 128-cell stage (~9
hpf) but that showed little or no detectable eRNA expression at
this time (0-12 hpf). Hundreds of these enhancers showed maxi-
mal eRNA expression many hours later in development. Our find-
ings indicate that the accessibility of sea urchin enhancers can
precede their activity, and suggest that many of these regulatory
elements undergo a progressive maturation during embryogene-
sis. It should be borne in mind that because our analysis is not lin-
eage-restricted, some open eRNA peaks might mark ubiquitous,
repressive complexes rather than lineage-specific complexes that
mediate transcriptional activation.

The observations reported here further validate the utility of
eRNA profiling for enhancer discovery and analysis. Our finding
that the temporal expression profiles of eRNAs tended to resem-
ble those of nearby genes, that is, genes that are the most likely
direct targets of the cognate enhancers, supports the view that
the presence of eRNA transcripts is a reliable indicator of enhanc-
er function (Arnold et al. 2020; Sartorelli and Lauberth 2020)
and further suggests that levels of eRNA expression and enhancer
activity are correlated. In addition, we found that of the S. purpur-
atus CRMs that have been experimentally validated in
previous studies, usually by in vivo reporter gene assays, the ma-
jority (60%) were associated with eRNA expression. Not all
CRMs with activity in in vivo reporter assays expressed detectable
levels of eRNAs, however, as has also been observed in human
cells (Andersson et al. 2014) and Drosophila embryos
(Mikhaylichenko et al. 2018). Two factors probably contribute
to this effect. First, as noted above, the steady-state levels of
many eRNAs are extremely low and, even at high sequencing
depth, undoubtedly some fall below the limit of detection.
Second, the activity of CRMs when tested in isolation sometimes
exceeds their natural regulatory function (Peter and Davidson
2015), and this could explain an absence of detectable transcrip-
tion at such sites. Our second approach, which involved testing
the activity of eRNA peaks in transgenic embryos, showed that
50% of the elements examined (10/20) lacked detectable activity.
It should be noted, however, that the reporter assay we used does
not detect activity from CRMs that modulate the level or timing
of gene expression, that require interactions with other CRMs, or
that execute repressive functions. It is therefore to be expected
that some bona fide regulatory elements will not show activity
by this assay. Of those elements that were active in the reporter
assay, 100% (10/10) drove GFP expression in tissue-specific
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patterns that resembled those of endogenous genes near the
enhancers.

Enhancers are traditionally characterized by their insensitiv-
ity to orientation and position relative to the core promoters they
regulate. Other regulatory functions are executed by the proximal
promoter, a region from a few hundred to several kilobases in size
flanking the TSS that contains a high density of TF binding sites
and cis-regulatory control elements (Hurst et al. 2014; Humi-
niecki and Horbanczuk 2020). Proximal promoter elements are
typically more sensitive to orientation and position than distal
enhancers and are thought to influence transcription at the
core promoter either directly or by tethering distal enhancers
(Calhoun et al. 2002). Although the association of distal enhanc-
ers with eRNA expression is well documented, less attention has
been given to the transcription of proximal regulatory elements.
In our analysis, a substantial fraction of eRNAs (8.5%) mapped to
proximal promoters (defined as a 2-kb region upstream of the
TSS). We have not systematically tested the influence of orienta-
tion or position on the regulatory function of these transcribed,
proximal promoter elements. Theoretically, eRNAs transcribed
from such elements could have any of the molecular functions
that have been ascribed to distal eRNAs (Hou and Kraus 2021),
and the possible biological significance of the elevated levels of
eRNA expression associated with proximal promoter eRNAs re-
mains to be explored.

Models of developmental GRNs are particularly well devel-
oped in sea urchins (Davidson 2009; Peter and Davidson 2015;
Martik et al. 2016; Lowe et al. 2017; Peter 2019). The construction
of such models often begins with perturbations of regulatory (TF-
encoding) genes and gene expression profiling, which together al-
low the deduction of functional interactions among genes and the
reconstruction of network circuitry. To determine whether epistat-
ic gene interactions revealed by these methods are direct or indi-
rect, however, it is necessary to identify immediate inputs into
the regulatory modules of genes in the network. Thus, a central
component of GRN analysis is the identification and experimental
dissection of enhancers. The present work provides an important
resource for GRN biology by identifying developmental enhancers
throughout the sea urchin genome and mapping the activity of
those enhancers across early development. Moreover, we found
that eRNA-marked enhancers located near lineage-specific genes
contained sequence signatures of known regulatory inputs in
those cell types. This suggests that experimental dissection of addi-
tional, predicted transcriptional inputs is likely to be informative
and, when combined with temporal patterns of enhancer activity
deduced from eRNA expression profiles, will aid in the construc-
tion of dynamic GRN models.

Methods

Embryo culture and RNA isolation

Adult S. purpuratus were obtained from Pat Leahy (Caltech).
Gametes were collected by intra-coelomic injection of 0.5 M KCL.
Fertilization and embryo culture were performed according
to the method of Adams et al. (2019). Embryos were cultured at
15°C in 4-liter plastic beakers fitted with battery-powered stirrers.
Embryos were harvested at 0, 6, 12, 18, 24, 30, 36, 42, and 48
hpf. To provide sufficient material for the analysis, two fertiliza-
tions were performed at different times on the same day using
eggs from two different females and sperm from the same male.
Culture 1 was used for seven time points, and culture 2 was used
for two time points (18 hpf and 42 hpf). Cultures were not pooled

at any time point. For the 0-hpf time point, embryos were collected
immediately after fertilization. Total RNA (75-100 pg per sample)
was isolated using the RNeasy Plus Mini Kit (Qiagen 74134), and
the quality of the preparations was confirmed using an RNA
TapeStation (Agilent). RNA integrity numbers (RINs) for all sam-
ples were 9.8-10.0. RNA samples were stored at —80°C.

CAGE-seq and eRNA identification

CAGE library preparation, sequencing, mapping, and eRNA iden-
tification were performed by DNAFORM. Thirty to 60 pg total
RNA was used for the generation of each CAGE library (nine total).
In brief, CAGE library construction involved the generation of sin-
gle-stranded cDNA by reverse transcription using random primers,
biotinylation of the 5’ RNA CAP structure followed by affinity pu-
rification of 5'-CAP-associated cDNA, ligation of bar-coded linkers,
second-strand synthesis, and Illumina HiSeq-based sequencing
(Murata et al. 2014). Sequence reads (more than 100 million reads
per sample) were subjected to quality control (FastQC), filtered to
remove small numbers of rRNA reads, and mapped to the S. purpur-
atus genome (v. 3.1) first with BWA (Li and Durbin 2010) and then
using HISAT2 (Kim et al. 2019) to align reads with BWA MAPQ <
20. Although a newer genome assembly (v.5.0) recently became
publicly available, we opted to perform our analysis with the
v3.1 assembly in order to associate eRNA peaks with several previ-
ously published genomic data sets (ATAC-seq peaks, DNase-seq
peaks, regions of chromatin differentially open in PMCs, and
Alx1 ChIP-seq peaks), all of which were based on the v3.1 assem-
bly. The v3.1 assembly is of very high quality in gene-rich regions,
and the gene models themselves are mostly identical in the two as-
semblies; the principal improvement in the v5.0 assembly is that
smaller scaffolds have been linked into much larger ones.

A total of 60-80 million uniquely mapped reads were ob-
tained per sample and used for all subsequent analysis. De novo
eRNA peak-calling was performed as described by Hirabayashi
et al. (2019). Briefly, bidirectional enhancers were identified using
the FANTOMS pipeline (The FANTOM Consortium and the
RIKEN PMI and CLST [DGT] 2014). TSSs were identified according
to http://fantom.gsc.riken.jp/5/sstar/Protocols:HeliScopeCAGE_read
_alignment. and clustered using the decomposition-based peak
identification (DPI) software (https://github.com/hkawaji/dpil/
blob/master/identify_tss_peaks.sh). DPI was used with default pa-
rameters but without the decomposition parameter. Peaks with at
least two supporting CAGE tags were retained and used as input
to call bidirectional enhancers using a program available
at GitHub (https://github.com/anderssonrobin/enhancers/blob/
master/scripts/bidir_enhancers).

Additional bioinformatic analysis

Manipulation of peak and gene BED files was performed using
BEDTools (v2.19.1) (Quinlan and Hall 2010). Distances between
eRNA peaks and genes were determined using the “closest” and
“intersect” utilities in BEDTools. GO term enrichment analyses
were performed using the PANTHER webtool (Mi et al. 2019)
and GO annotations available at http:/geneontology.org (The
Gene Ontology Consortium 2000,2021). To visualize peak posi-
tions relative to transcripts, 17,291 eRNA peaks located in scaffolds
containing 8372 annotated genes were analyzed using ChIPseeker
(1.22.1) (Yu et al. 2015). As some annotations overlap, ChIPseeker
adopts the following priority in genomic annotation: Promoter >
Exon > First Intron > Other Intron(s) > Intergenic. TF binding mo-
tifs for eRNA clusters were identified using the HOMER de novo
motif discovery tool (Heinz et al. 2010). Enriched motifs were fil-
tered for those with a P-value of <1x10~'2, HOMER randomly
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selects background sequences from the genome and normalizes
the GC content and sequencing biases to resemble the nucleotide
distribution observed in the target sequences. Motifs are ranked
based on P-value. The best-known JASPARHOMER motif that
closely matches with the de novo motif is displayed in the “best
match” column. Comparison of the de novo and best match motif
probability matrices are reported in the “Mmatch score” column,
where a score of 1.0 signifies complete similarity. The final column
corresponds to sea urchin—-specific TFs that are known or predicted
to have similar motifs as the best-matched motifs. Additional in-
formation on the statistical analyses of HOMER can be found at
http://homer.ucsd.edu/homer/motif/.

To determine whether the expression profiles of eRNAs were
similar to those of nearby genes, Z-scores of 13,056 eRNAs within
20 kb of genes (a set of genes that numbered 5837) were obtained
by first log-transforming the temporal expression data (TPMs) and
then normalizing the transformed values to their respective means
(1) and standard deviations (o). Z-Scores were calculated using the
following equation: Z=[logy(TPM+1)—yp]/c. The Z-scores for
both eRNAs and genes were pooled and clustered. We then calcu-
lated the fold enrichment within each expression cluster of eRNA
peaks that were within 20 kb of genes in that same cluster, relative
to all 13,056 eRNAs. Statistical significance of enrichments was as-
sessed using a hypergeometric test followed by Benjamini-
Hochberg correction to obtain the false-discovery rate. The hyper-
geometric test is used to determine whether subpopulations are
over- or underrepresented in a sample. Enrichment of eRNA peaks
that are hyperaccessible exclusively at the 128-cell stage (1018
peaks) or 24 hpf (1820 peaks) for different eRNA (Fig. 3) or
eRNA/gene (Supplemental Fig. S6) clusters was examined using
Fisher’s exact test. We examined lineage-specific enhancers by
identifying eRNAs near genes differentially expressed by PMCs
(420 genes) (Rafiq et al. 2014), pigment cells (2425 genes that are
greater than fivefold enriched compared with controls) (Barsi
et al. 2015), and ciliated band cells (3036 genes that are greater
than twofold enriched compared with controls) (Barsi et al.
2015). TF binding motifs for eRNAs located within 20 kb of genes
expressed specifically by PMCs (734 eRNA peaks), pigment cells
(3274 eRNA peaks), and ciliated band cells (2941 eRNA peaks)
were identified using HOMER, and enriched motifs were filtered
for those with a P-value of <1 x 107!, To determine whether the
734 eRNA peaks located within 20 kb of 420 genes differentially ex-
pressed by PMCs were more likely to overlap with Alx1 ChIP-seq
(Khor et al. 2019) and with ATAC-seq and DNase-seq differentially
accessible regions (Shashikant et al. 2018), we compared the pro-
portion of PMC eRNAs to the proportion of the total 18,078
eRNA peaks that overlapped with those data sets. Statistical signif-
icance of enrichments was assessed using a hypergeometric test.

Transgenic reporter assays

GFP reporter gene constructs were generated by cloning individu-
al, putative enhancers (Supplemental Table S7) into the EpGFPII
plasmid, which contains the basal promoter of the Sp-endol6
gene (Cameron et al. 2004). Putative enhancers were synthesized
as gBlocks (Integrated DNA Technologies) that corresponded to
eRNA peaks and were flanked by restriction sites for insertion up-
stream of the basal Sp-endol16 promoter. Reporter plasmids were
linearized and injected into S. purpuratus eggs following estab-
lished protocols (Arnone et al. 2004). S. purpuratus eggs were fertil-
ized in the presence of 0.1% (wt/vol) para-aminobenzoic acid to
prevent hardening of the fertilization envelope. For each con-
struct, 20 uL of injection solution was prepared that contained
100 ng of the reporter plasmid, 500 ng HindIlI-digested genomic
S. purpuratus DNA, 0.12 M KCl, 20% glycerol, and 0.25%

Dextran, Texas Red. GFP expression was assayed by fluorescence
microscopy at the late gastrula stage (48 hpf). Embryos were scored
to determine total number of injected embryos (using Dextran,
Texas Red as a marker), the number of embryos showing GFP ex-
pression, and the number of embryos with cell type-specific GFP
expression. It should be noted that plasmids injected into fertilized
sea urchin eggs rapidly form a concatemer that is randomly inher-
ited by only one or a few cells during cleavage. This mosaic inher-
itance of transgenes during early development means that in some
embryos the exogenous DNA is not incorporated into the lineage
of cells in which the enhancer is normally active, and therefore,
the reporter will not be expressed. For this reason, analysis of the
expression patterns of reporter constructs requires the examina-
tion of relatively large populations of embryos.

Data access

All raw and processed sequencing data generated in this study have
been submitted to the NCBI Gene Expression Omnibus (GEO;
https://www.ncbi.nlm.nih.gov/geo/) under accession number
GSE169227. The table of S. purpuratus eRNAs (Supplemental
Table S4) is accessible via Echinobase (https://wiki.echinobase
.org/echinowiki/index.php/ERNA_Table). The positions of S. pur-
puratus eRNAs on the v5.0 genomic scaffolds (Supplemental
Data S1) can be viewed in JBrowse: (https://www.echinobase.org/
common/display]Browse.do?data=data/sp5_0). “Available Tracks”
are shown on the left. From the “Other” options, select “eRNAs—
Strongylocentrotus purpuratus 3.1 liftover”.
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