
HAL Id: hal-03983132
https://hal.science/hal-03983132

Submitted on 10 Feb 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Comparative analyses of super-enhancers reveal
conserved elements in vertebrate genomes

Yuvia A Pérez-Rico, Valentina Boeva, Allison C Mallory, Angelo Bitetti, Sara
Majello, Emmanuel Barillot, Alena Shkumatava

To cite this version:
Yuvia A Pérez-Rico, Valentina Boeva, Allison C Mallory, Angelo Bitetti, Sara Majello, et al.. Compar-
ative analyses of super-enhancers reveal conserved elements in vertebrate genomes. Genome Research,
2016, 27 (2), pp.259 - 268. �10.1101/gr.203679.115�. �hal-03983132�

https://hal.science/hal-03983132
https://hal.archives-ouvertes.fr


Comparative analyses of super-enhancers reveal
conserved elements in vertebrate genomes
Yuvia A. Pérez-Rico,1,2,3 Valentina Boeva,2,4,5 Allison C. Mallory,1 Angelo Bitetti,1,3

Sara Majello,1 Emmanuel Barillot,2,4 and Alena Shkumatava1
1Institut Curie, PSL Research University, INSERM U934, CNRS UMR 3215, F-75005, Paris, France; 2INSERM, U900, F-75005, Paris,
France; 3Sorbonne Universités, UPMCUniv Paris 06, F-75005, Paris, France; 4Institut Curie, Mines ParisTech, PSL Research University,
F-75005, Paris, France 5Institut Cochin, INSERM U1016, CNRS UMR 8104, Université Paris Descartes UMR-S1016, F-75014
Paris, France

Super-enhancers (SEs) are key transcriptional drivers of cellular, developmental, and disease states in mammals, yet the con-
servational and regulatory features of these enhancer elements in nonmammalian vertebrates are unknown. To define SEs in
zebrafish and enable sequence and functional comparisons to mouse and human SEs, we used genome-wide histone H3 ly-
sine 27 acetylation (H3K27ac) occupancy as a primary SE delineator. Our study determined the set of SEs in pluripotent
state cells and adult zebrafish tissues and revealed both similarities and differences between zebrafish and mammalian SEs.
Although the total number of SEs was proportional to the genome size, the genomic distribution of zebrafish SEs differed
from that of the mammalian SEs. Despite the evolutionary distance separating zebrafish and mammals and the low overall SE
sequence conservation, ∼42% of zebrafish SEs were located in close proximity to orthologs that also were associated with
SEs in mouse and human. Compared to their nonassociated counterparts, higher sequence conservation was revealed for
those SEs that have maintained orthologous gene associations. Functional dissection of two of these SEs identified conserved
sequence elements and tissue-specific expression patterns, while chromatin accessibility analyses predicted transcription fac-
tors governing the function of pluripotent state zebrafish SEs. Our zebrafish annotations and comparative studies show the
extent of SE usage and their conservation across vertebrates, permitting future gene regulatory studies in several tissues.

[Supplemental material is available for this article.]

The identification of transcriptional regulators is central for under-
standing tissue-specific expression programs. Enhancers are cis-
regulatory elements able to recruit transcription factors (TFs) and
the transcriptional apparatus to activate their target gene expres-
sion (Smith and Shilatifard 2014; Heinz et al. 2015; Ren and Yue
2015). Chromatin immunoprecipitation followed by high-
throughput sequencing (ChIP-seq) has been a frequently used
strategy to generate genome-wide enhancer annotations (Visel
et al. 2009; Bernstein et al. 2010; Creyghton et al. 2010; Rada-
Iglesias et al. 2011; Kieffer-Kwon et al. 2013; Vermunt et al.
2014; Prescott et al. 2015; Villar et al. 2015). ChIP-seq-based ap-
proaches have shown that a subset of mammalian enhancers are
found in close sequence proximity to one another, forming large
regions of hyperactive chromatin referred to as super-enhancers
(SEs) or stretch enhancers (Lovén et al. 2013; Parker et al. 2013;
Whyte et al. 2013). This structure distinguishes them from shorter,
more compacted regions referred to as typical enhancers.

SEs are characterized by their high level of histone H3 lysine
27 acetylation (H3K27ac) density, a mark associated with active
enhancers and promoters (Creyghton et al. 2010; Rada-Iglesias
et al. 2011), and the binding of a high abundance of TFs, transcrip-
tional coactivators, and chromatin remodelers (Hnisz et al. 2013;
Whyte et al. 2013). Analyses of the SE dynamics during lineage
commitment of specific cell types have shown that SEs are remod-
eled during differentiation, having crucial roles in cell fate determi-
nation (Adamet al. 2015; Thakurela et al. 2015; Vahedi et al. 2015).

Moreover, SEs are enriched for single nucleotide polymorphisms
(SNPs) associated with a broad spectrum of diseases including
but not limited to cancers, type 1 diabetes, Alzheimer’s disease,
and multiple sclerosis (Hnisz et al. 2013; Parker et al. 2013;
Vahedi et al. 2015). For example, a fraction of human T-cell acute
lymphoblastic leukemia cases exhibits somatic mutations that cre-
ate MYB TF binding sites that generate a SE adjacent to the TAL1
oncogene (Mansour et al. 2014). Despite a basic understanding
of the features and functions of mammalian SEs and a recently
published catalog of SEs innonvertebrates (Wei et al. 2016), the ex-
tent to which the defining characteristics of mammalian SEs also
apply to similar regulatory regions in species outside of the mam-
malian clade is not known.

Comparative analyses of enhancers in different species have
been invaluable for our understanding of their evolution (for re-
view, see Domené et al. 2013; Rubinstein and de Souza 2013).
Here, we employed the zebrafish model as an exemplar to define
SE biology in vertebrates (Howe et al. 2013; Kaufman et al.
2016). Previous studies of zebrafish have successfully identified
stage-specific enhancers involved in early development and have
highlighted their general low sequence conservation (Aday et al.
2011; Bogdanović et al. 2012; Lee et al. 2015). Although these en-
hancer annotations open the possibility to gain fundamental in-
sights into gene regulation during embryonic development, they
do not address the tissue-specificity of enhancers in zebrafish.
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To identify cell- and tissue-specific enhancers, in particular
SEs, we analyzed the distribution of H3K27ac in zebrafish pluri-
potent cells and four adult tissues. Our comparative analyses of
zebrafish, mouse, and human SEs highlight their differences
and similarities and advance the study of gene regulation in
zebrafish by identifying a set of SE candidates involved in cellular
identity.

Results

H3K27ac marks hundreds of SEs in zebrafish
To assess characteristic features of vertebrate SEs, we identified en-
hancer regions in zebrafish (Danio rerio), mouse, and human
brain, heart, intestine, testis, and pluripotent cells. For zebrafish,
we used the early embryonic dome stage as a comparative stage
to the pluripotent state of mouse and human ESCs (Schier and
Talbot 2005). All mouse and human enhancer annotations, as
well as zebrafish pluripotent state enhancer annotations, were
based on publicly available data sets of the H3K27ac mark, where-
as those of the zebrafish adult brain, heart, intestine, and testis
were performed using in-house generated H3K27ac ChIP-seq
data sets (Fig. 1A; Supplemental Table S1; Bernstein et al. 2010;
Rada-Iglesias et al. 2011; Bogdanović et al. 2012; Chadwick et al.
2012; Mouse ENCODE Consortium 2012; Nord et al. 2013; Yue
et al. 2014). To identify typical enhancers and SEs, H3K27ac-en-
riched regions were identified with SICER (Zang et al. 2009), fil-
tered to discard active promoters, and stitched by the ROSE
software (Fig. 1A; Lovén et al. 2013; Whyte et al. 2013). We iden-
tified an average of 743 and 1183 SEs for zebrafish and mammals,
respectively (Fig. 1B; Supplemental Table S1; Supplemental Data
set S1). Similar to mammalian SEs, most zebrafish SEs were longer
than typical enhancers, although the length parameter was not
explicitly considered for their identification (Supplemental Fig.
S1A–C; examples of typical enhancers and SEs are shown in
Supplemental Fig. S2A).

Genomic distribution of zebrafish typical enhancers and SEs
differs from that of mammalian regions
In contrast to mammalian SEs, which tend to overlap with gene
bodies (Lovén et al. 2013;Whyte et al. 2013), neither zebrafish typ-
ical enhancers nor zebrafish SEs were preferentially enriched in the
TSS downstream regions in any tissue or at any embryonic stage
analyzed (Fig. 2A; Supplemental Fig. S2B). To assess if zebrafish
typical enhancers and SEs were enriched in gene bodies, the pro-
portion of genes covered by typical enhancers and SEs was calcu-
lated and compared to the proportion of genes covered by
random control regions. As expected, mouse and human typical
enhancers and SEs from all analyzed samples showed significant
enrichments in gene bodies (P-values from z-scores ≤4.71 ×
10−18), whereas gene-body enrichment of zebrafish typical en-
hancers and SEs showed variation among the different cells and
tissues analyzed (Fig. 2B). Furthermore, we found that on average
for all cells and tissues analyzed, ∼65% and ∼73% of mouse and
∼70% and ∼80% of human typical enhancer and SE sequences, re-
spectively, overlapped introns (Fig. 2C). In zebrafish, only∼28%of
typical enhancer and ∼29% of SE sequences overlapped introns,
and the majority of zebrafish typical enhancer and SE sequences
(∼67% and ∼66%, respectively) overlapped intergenic regions in
all zebrafish cells and adult tissues (Fig. 2C; Supplemental Fig.
S2C). These drastic differences in genomic distribution cannot
be solely explained by differences in the global genome composi-

tion of the three species, as >50% of the zebrafish, mouse, and hu-
man genomes correspond to intergenic sequences (Supplemental
Fig. S2D).

Vertebrate SEs are more cell- and tissue-specific
than typical enhancers
Anotable characteristic ofmammalian SEs is their associationwith
key cellular identity genes (Fig. 3A; Hnisz et al. 2013; Whyte et al.
2013). Similar to mouse and human SEs, gene ontology (GO) an-
notations of the zebrafish SEs in pluripotent state, brain, heart, in-
testine, and testis showed enriched terms related to early
development and pluripotency, neuronal components, signal
transduction, immune pathways, and chromatin organization, re-
spectively (Supplemental Fig. S3). In addition, our intra-species
comparisons showed that, similar to mammals (Hnisz et al.
2013), zebrafish SEs exhibit higher cell- and tissue-specificity
than typical enhancers (P-values from G-tests of independence
≤8.5 × 10−13, with the exception of zebrafish heart) (Fig. 3B;
Supplemental Fig. S4).

SEs associate with a conserved set of genes throughout
vertebrate evolution
Collectively, typical enhancers and SEs showed higher sequence
conservation than their immediate flanking regions (P-values
from Wilcoxon rank-sum test ≤2.8 × 10−4, with the exception of
typical enhancers from the right ventricle of the human heart)
(Fig. 4A). While zebrafish SEs from most tissues analyzed had sig-
nificantly higher sequence conservation than zebrafish typical en-
hancers (P-values from Wilcoxon rank-sum test ≤9.3 × 10−4),
mouse and human sequence conservation differences were
dependent on the tissue analyzed (Supplemental Fig. S5A).
When we compared individual intergenic regions enriched for
H3K27ac within typical enhancers and SEs, the higher conserva-
tion found for full-length SEs was diminished, and, for most of
the data sets, typical enhancer regions were more conserved
than SE regions (P-values from Wilcoxon rank-sum test ≤3.7 ×
10−3) (Supplemental Fig. S5B). This observation is consistent
with the fact that a higher proportion of SE constitutive regions
overlaps intragenic sequences, which could artificially inflate
the SE conservation estimate when analyzed as a whole unit (Sup-
plemental Fig. S5C).

Next, to determine if SEs tend to maintain their spatial asso-
ciation with orthologous genes throughout evolution, the genes
associated with zebrafish, mouse, and human typical enhancers
and SEs were compared based on homology annotations. The pro-
portion of orthologous genes associated with typical enhancers in
all three species was significantly larger than that associated with
SEs (P-values from G-tests of independence ≤5.497 × 10−8) (Fig.
4B; Supplemental Fig. S6A–D; Supplemental Table S2). Approxi-
mately 42% of zebrafish SEs were associated with orthologous
genes in mouse and human (pluripotent state = 110/473; brain =
321/664; heart = 325/850; intestine = 462/1145; testis = 362/581),
and ∼27% and ∼21% of the mouse and human SEs, respectively,
maintained their orthologous associations (examples are illustrat-
ed in Fig. 4C; Supplemental Fig. S6E–H). Importantly, mammalian
SEs with conserved orthologous gene associations in the three spe-
cies had higher sequence conservation than the nonassociated-SEs
(P-values from Wilcoxon rank-sum test ≤4.7 × 10−3). Similar
results were also observed for the zebrafish brain and testis SEs
(P-values fromWilcoxon rank-sum test ≤9.1 × 10−3) (Fig. 4D; Sup-
plemental Fig. 6I). Thus, despite overall low sequence conservation
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in vertebrates, SEs that maintained orthologous gene associations
exhibited higher conservation at the sequence level than those
lacking such associations.

Analysis of accessible chromatin identifies differences between
zebrafish typical enhancer and SE composition
Within zebrafish SEs, we sought to demarcate transcription factor
binding site (TFBS) hotspots or epicenters, defined as regions
shorter than 1 kb boundby at least five TFs involved in cell identity
(Siersbæk et al. 2014; Adam et al. 2015). To overcome the lack of

zebrafish ChIP-seq data, we focused on the identification of acces-
sible chromatin regions by ATAC-seq (Supplemental Fig. S7A;
Buenrostro et al. 2013). To confirm that ATAC-seq data can be
mined to identify TFBSs in zebrafish, we compared pluripotent
state ATAC-seq (Kaaij et al. 2016) and Nanog ChIP-seq peaks (Xu
et al. 2012). These comparisons showed significant overlap at
both the genome-wide level and within SEs (P-value < 1 × 10−3)
(Fig. 5A).

A differential analysis of ATAC-seq peaks within typical en-
hancers and SEs identified 12 clusters of overrepresented motifs
within SEs (Supplemental Fig. S7B). Our set of consensus motifs

Figure 1. Identification of typical enhancers and SEs in vertebrate genomes. (A) Workflow for the identification of vertebrate typical enhancers and SEs.
Schematic representations depict the cells and tissues analyzed. (B) Saturation curves of H3K27ac density across brain data sets (whole brain for zebrafish,
olfactory bulb for mouse, and middle frontal lobe for human). The number of ranked typical enhancers and SEs by H3K27ac density (x-axis) and their den-
sities (y-axis) are plotted. Horizontal dotted lines represent density cutoffs used for the classification of SEs and vertical dotted lines demark SEs from typical
enhancers. The total number of predicted SEs is noted on the right side of each graph.

Conserved super-enhancers in vertebrates
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included those with similarity to matrix models of pluripotency-
associated TFs, such as SOX2, EOMES, and FOXD3 (Sutton et al.
1996; Hromas et al. 1999; Avilion et al. 2003; Kidder and Palmer
2010). The motif that correlated with the SOX2 matrix was the
consensus of two motifs: one similar to the SOX2 matrix model
and the secondmotif similar to the SOX9 and ESRRAmatrix mod-
els (Fig. 5B). GO annotation of the SE ATAC-seq peaks containing
sites of these two motifs showed enrichment for TF function and

pluripotency terms that were not identi-
fied by the global analysis of pluripotent
state SEs (Fig. 5C; Supplemental Fig.
S3A). Thus, our results predict a set of
TFs with enriched binding to accessible
chromatin regions highly associated
with pluripotency.

Dissections of vertebrate SEs identify
functionally conserved elements
To determine the different contribution
of regions within SEs, two SEs having
conserved associations with irf2bpl and
zic2a (hereafter referred to as SE-irf2bpl
and SE-zic2a) (Fig. 4C; Supplemental
Fig. S6A) were tested by GFP reporter as-
says in zebrafish embryos (Supplemental
Fig. S8A). Twelve zebrafish gene distal re-
gions were selected for the enhancer ac-
tivity test based on their H3K27ac,
ATAC-seq, and Nanog ChIP-seq profiles
(Fig. 6; Supplemental Table S3). To evalu-
ate the functional conservation of the
equivalent mouse SEs, nine mouse re-
gions, selected based on the presence or
absence of TFBSs for 14 pluripotent state
TFs, were tested (Supplemental Fig. S7A;
Supplemental Table S3; Chen et al.
2008; Heng et al. 2010; Ma et al. 2011;
Vella et al. 2012; Betschinger et al.
2013; Whyte et al. 2013). It should be
noted that while the mouse Zic2–associ-
ated region is a typical enhancer at the
pluripotent state (Fig. 6C), it is identified
as a SE in the brain (Fig. 4C).

For zebrafish SE-irf2bpl, there was
a strong concordance between enhanc-
er activity and the presence of a high
ATAC-seq signal (Fig. 6A,B; Supplemental
Fig. S8B).Remarkably, theGFPexpression
pattern driven by the conserved zebrafish
regionDand themouse regionK (Fig. 6A)
substantially overlapped within the
olfactory placode (Fig. 6B). Similarly, the
mouse region G (Fig. 6A) drove dim GFP
expression in the olfactory placode at
∼24 h post-fertilization (hpf) with peak
GFP expression in the roof plate at 48
hpf (Supplemental Fig. S8B).

For zebrafish SE-zic2a, 75% of SE-
zic2a regions exhibiting enhancer activi-
ty also contained ATAC-seq peaks and
displayed high sequence conservation

(the P, Q, and R regions) (Fig. 6C,D; Supplemental Fig. S8C).
Interestingly, the zebrafish S region, originally selected as a control
region based on the lack of sequence conservation and the absence
ofH3K27ac andATAC-seq signals, drove specificGFP expression in
the notochord and telencephalon (Fig. 6D) similar to the spinal
cord and telencephalon expression driven by the equivalent
mouse T region (Fig. 6D). As the S region contained a mildly en-
riched Nanog peak (Fig. 6C) and predicted TFBSs (Supplemental

Figure 2. Genomic distribution of typical enhancers and SEs. (A) Density plots representing the pro-
portion of genes (y-axis) covered by typical enhancers and SEs in the vicinity of TSSs (x-axis) in zebrafish
brain, mouse cerebellum, and human angular gyrus. (B) Proportion of gene bodies overlapping with typ-
ical enhancers, SEs, and control regions (y-axis) in different zebrafish, mouse, and human cells and tissues
(x-axis). The mean and the standard deviation (black bars) calculated from bootstrap analyses of control
regions are shown. All comparisons between typical enhancers and SEs and their controls have significant
differences (P-values from z-scores≤3 × 10−4), with the exception of zebrafish pluripotent state and heart
typical enhancers. (NS) Not significant. (C) Distribution of typical enhancer and SE sequences across ge-
nomic features. The y-axis shows the percentage of total brain typical enhancer or SE base pairs overlap-
ping the different genomic features represented in the legend. Adult brain data sets for mouse and
human correspond to olfactory bulb and cingulate gyrus, respectively.
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Table S3), it likely corresponds to a redundant or “shadow” en-
hancer that is not active under homeostatic conditions and, con-
sequently, is not found by ATAC-seq (Fig. 6C).

Taken together, our results confirm that SEs contain regions
with evolutionary conserved enhancer functions and emphasize
the importance of analyzing comprehensive hyperactive chroma-
tin regions instead of isolated enhancers to allow the identification
of enhancers with partially redundant activities.

Discussion
In this study, we identify tissue-specific enhancers in zebrafish, fo-
cusing on hyperactive chromatin regions or SEs. Our comparative
analyses support a model in which SEs specify uniquely important

cell- andtissue-specific regulatory regionsacrossspecies (Hniszetal.
2013; Saint-André et al. 2016) andhighlight the difference in geno-
mic distributionbetween zebrafish andmammalian SEs.While the
majority ofmammalian SEs overlapwith their target genes (Whyte
et al. 2013), zebrafish typical enhancers and SEs aremainly located
within intergenic regions.Similarly, duringearlyzebrafishdevelop-
ment, differentially methylated DNA regions, ∼50% of which are
enriched for enhancer-associated chromatin marks including
H3K27ac, are mainly embedded within intergenic sequences (Lee
et al. 2015). Future analyses incorporating the enhancer annota-
tions of additional species may reveal if the intergenic distribution
of zebrafish regulatory regions is a distinctive feature.

Similar to what has been shown for zebrafish and mamma-
lian enhancers (Bogdanović et al. 2012; Lee et al. 2015; Villar

Figure 3. Cell and tissue specificity of vertebrate typical enhancers and SEs. (A) Distribution of H3K27ac at selected genes (genomic position represented
on the x-axis) in both pluripotent state and adult brain of zebrafish, mouse, and human (raw tag counts represented on the y-axis). Typical enhancers and
SEs are denoted by gray bars and red bars, respectively. (B) Chow-Ruskey diagrams representing the overlap between pluripotent state (orange), brain
(green), heart (purple), intestine (red), and testis (blue) typical enhancers and SEs in zebrafish. Color-coded tables show the percentages of cell- or tis-
sue-specific and nonspecific regions for each data set.

Conserved super-enhancers in vertebrates
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et al. 2015), our PhastCons value-based sequence conservation
analysis showed that both zebrafish typical enhancers and SEs
have overall low sequence conservation and that SE intergenic
constitutive regions do not display higher conservation than
those of typical enhancers. However, the sequence conservation
was detectably higher in the fraction of SEs that has maintained
an association with orthologous genes in zebrafish, mouse, and
human compared to the fraction lacking conserved orthologous
associations. It remains to be determined if those SEs with orthol-
ogous gene associations have an evolutionary common origin, or

if they independently evolved in the three species. Notably, en-
hancers shared between human and chimp also display higher
sequence conservation than species-biased enhancers (Prescott
et al. 2015).

Previous studies have reported enhancer regions with over-
lapping functions in phylogenetically distant species (Hare et al.
2008; Taher et al. 2011; Clarke et al. 2012). However, the ge-
nome-wide prediction of those regions is not trivial (Taher et al.
2011), as sequence conservation alone does not necessarily pre-
dict functional conservation, and regions with high sequence

Figure 4. SE conservation in vertebrates. (A) Metagenes of sequence conservation of typical enhancers and SEs from zebrafish whole brain, mouse ol-
factory bulb, and humanmiddle frontal lobe. The x-axis depicts the start and end of typical enhancers and SEs flanked by 3 kb of adjacent sequence. The y-
axis represents sequence conservation calculated by PhastCons. (B) Venn diagrams show the number of orthologous genes associated with brain typical
enhancers (left) and SEs (right) in zebrafish (green), mouse (blue), and human (purple). Color-coded tables show the percentages of intersection and dif-
ference for each species. The observed differences in overlap between typical enhancers and SEs in the three species are significant (P-values≤5.497 × 10−8)
based on G-tests of independence. (C) ChIP-seq binding profiles for H3K27ac at the indicated loci in zebrafish, mouse, and human brain (raw tag counts
represented on the y-axis). Typical enhancers and SEs are denoted by gray bars and red bars, respectively. Gene positions are noted along the x-axis. (D) Box
plots depicting average sequence conservation of brain SEs with maintained orthologous association in zebrafish, mouse, and human and with no main-
tained orthologous association. The y-axis shows sequence conservation calculated by PhastCons. The box bounds the interquartile range divided by the
median, and the notch approximates a 95% confidence interval for the median. All observed differences in conservation between SE categories are sig-
nificant (P-value ≤9.1 × 10−3) based on Wilcoxon rank-sum tests.
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conservation can drive different patterns of expression in reporter
assays (Goode et al. 2011). Thus, it is remarkable that we defined
equivalent subregions in two SEs with conserved enhancer func-
tions. Although the extent of enhancer redundancy is poorly
understood, a recent study has shown the genome-wide pervasive-
ness of shadow enhancers during Drosophila development
(Cannavò et al. 2016). Indeed, one of the zebrafish SE regions iden-
tified in this study likely represents a shadow enhancer with a con-
served function. For these reasons, we propose that the future
identification of shadow enhancers will benefit from the analysis
of whole hyperactive chromatin regions rather than the analysis
of isolated enhancers.

Our study reveals the genome-wide distribution of tissue-spe-
cific cis-regulatory elements in zebrafish and identifies the key SE
complement in this important model system. Moreover, the char-
acterized genomic distribution of zebrafish typical enhancers and
SEs, together with our comparative analyses to those of mammals,
solidifies our understanding of pervasive and conserved vertebrate
transcriptional mechanisms.

Methods

ChIP-seq assays
Whole brains, hearts, intestines, and testis were dissected from
same-age adult male AB zebrafish. Two biological replicates were
prepared from each tissue. ChIP-seq was performed as previously
described (Guenther et al. 2008) using Abcam H3K27ac antibody
(ab4729, lot# GR259887-1). Purified chromatin was used for sin-
gle-end library preparation following standard Illumina protocols.
For more details, see Supplemental Material.

Identification of typical enhancers and SEs
H3K27ac ChIP-seq data sets were mapped to their corresponding
reference genomes (Zv9 for zebrafish, mm10 for mouse, and hg38
for human) using Bowtie 2 version 2.1.0 (Langmead and Salzberg
2012). Peak calling was performed with SICER version 1.1 (Zang
et al. 2009); if available, input libraries were used as controls for
the peak calling (Supplemental Table S1). Identified peaks were

Figure 5. Analysis of zebrafish SE composition by ATAC-seq. (A) Venn diagrams representing the overlap between ATAC-seq peaks (purple) and Nanog
peaks (orange) genome-wide (left) and within pluripotent state SEs (right). (B) Cluster, consensus motif sequence, and logos of SOX-related de novo–found
motifs in ATAC-seq peaks within SEs (left). JASPAR matrix models (right) of SOX2, SOX9, and ESRRA. (Ncorr) Normalized correlation between identified
motifs and JASPAR models. (C) Top molecular function and wiki pathway GO terms enriched for the ATAC-seq peaks containing sites of the de novo iden-
tified oligos_7nt_m2 (left) and oligos_6nt_m3 (right) motifs shown in B. Binomial FDR q-values for the GO terms are displayed in a color-scale (q-values
≤6.7 × 10−4).
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filtered to discard peaks for which the main summit was within
promoter regions and used as input for the ROSE algorithmversion
0.1 to identify typical enhancers and SEs. For detailed parameters,
see Supplemental Material and Supplemental Files S1,S2.

Computational analyses
The calculation of typical enhancer and SE distributions around
TSSs was performed using Nebula (Boeva et al. 2012). Typical en-
hancer and SE enrichments over gene bodies were calculated
with a customized script (Supplemental File S3) andcontrol enrich-

ments were obtained by bootstrap resam-
plingwith 100 iterations. To calculate the
percentage of typical enhancer and SE
sequences overlappingwith genomic fea-
tures, typical enhancer and SE annota-
tions were compared to RefSeq Gene
annotations (Rosenbloom et al. 2015) us-
ing BEDTools intersect function (Quinlan
and Hall 2010). Sequence conservation
scores were calculated based on the verte-
brate conservation PhastCons tracks
from UCSC (Siepel and Haussler 2005;
Siepel et al. 2005) associated with each
of the genome versions used for read
mapping using hgWiggle (Kent et al.
2002) and a customized Python script
(Supplemental File S4). For ortholog
comparisons, typical enhancer and SE
target genes were annotated based on
gene proximity using Nebula. All gene
names were converted to Ensembl ids
and compared based on homology
annotations from Ensembl (Genes 82)
(Cunningham et al. 2015). Analysis of
the ATAC-seq library was performed as
previously described (Buenrostro et al.
2013). Overrepresented motifs in ATAC-
seq peaks within SEs were identified us-
ing the RSAT peak-motifs tool (Thomas-
Chollier et al. 2012a,b). For more details,
see Supplemental Material.

Microinjections
Each of the vectors containing SE regions
(for cloning details, see the Supple-
mental Material) was co-injected with
Tol2 mRNA into one-cell stage zebrafish
embryos. GFP expression was monitored
during the first 3 d post-fertilization.
All injection experiments were repeated
at least twice (Supplemental Table S3).
For more details, see Supplemental
Material.

Data access
Zebrafish H3K27ac ChIP-seq data gener-
ated in this study have been submitted
to the NCBI Gene Expression Omni-
bus (GEO; http://www.ncbi.nlm.nih.
gov/geo/) (Edgar et al. 2002) under acces-
sion number GSE75734.
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