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SUPPLEMENTAL TABLE LEGENDS

Supplemental Table S1. GEO sample numbers of the datasets used for typical enhancer
and SE prediction in zebrafish (zf), mouse (mm) and human (hs). Total numbers of typical

enhancers and SEs identified for each dataset and their median sizes.

Supplemental Table S2. Orthologous genes that have maintained their association with
SEs in pluripotent state, brain, heart, intestine and testis. Human Ensembl Gene IDs are
shown for the pluripotent state, brain, heart and intestine lists, and mouse Ensembl Gene

IDs are shown for the testis list.

Supplemental Table S3. GEO sample numbers of the zebrafish ATAC-seq, Nanog ChlIP-
seq and mouse transcription factor (TF) ChlP-seq datasets. Primers used to clone zebrafish
and mouse SE regions. Screening results of the enhancer reporter assays in zebrafish

embryos. Matrix scanning results of the zebrafish S region defined in Fig. 6C.

SUPPLEMENTAL DATASET LEGEND

Supplemental Dataset S1. BED files with the annotated typical enhancers and SEs for

each dataset.

SUPPLEMENTAL FILE LEGENDS

Supplemental File S1. Python script to identify summit coordinates.

Supplemental File S2. Bash script to filter out peaks mainly overlapping promoter regions.
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Supplemental File S3. Bash script to calculate the proportion of genes covered by regions

of interest (e.g. typical enhancers or SEs) and perform bootstrap resampling.

Supplemental File S4. Python script to process hgWiggle output for one specific genomic

region.

SUPPLEMENTAL METHODS

Zebrafish husbandry

Wild type AB zebrafish used for this study were bred and raised following standard protocols

(Westerfield 2000).

ChlP-seq assays

Whole brains and testis were dissected from 10-month-old adult male AB zebrafish, whereas
hearts and intestines were dissected from 1-year-old adult male AB zebrafish. Two biological
replicates were prepared from each tissue. Each biological replicate was prepared using: 12
brains, 20 hearts, 5 intestines and 8 testis. All tissues were homogenized and cross-linked in
1% formaldehyde, washed and lysed. Chromatin was sheared using a Covaris S220
ultrasonicator to a DNA fragment size of 175 bp (brain and testis samples) or 200 bp (heart
and intestine samples). ChiP-seq was performed as previously described (Guenther et al.
2008) using 5 ug Abcam H3K27ac antibody (ab4729, lot# GR259887-1) bound to Dynal
Protein A linked beads (Invitrogen). Reverse cross-linked and phenol:chloroform purified
chromatin was used for single-end library preparation following standard lllumina protocols.

Libraries were sequenced in a HiSeq 2500 system to obtain 100 bp reads.

Identification of typical enhancers and SEs
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H3K27ac ChlP-seq datasets 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) with default parameters and allowing up to 1 mismatch in
the seed alignment (size = 22). Aligned reads with mapping quality = 20 were saved in BAM
format using samtools version 1.1 (Li et al. 2009). BAM files of biological replicates were
merged and converted to BED format using BEDTools version 2.18 (Quinlan and Hall 2010).
The human brain datasets were directly downloaded from the GEO database as aligned
reads to the human genome version hg19 in BED format. Peak calling was performed with
SICER version 1.1 (Zang et al. 2009) setting window size to 200, redundancy threshold to 1,
gap size to 600, FDR to 0.05 and adjusting the fragment size accordingly with the analyzed
dataset. If available, input libraries were used as controls for the peak calling. For the
zebrafish datasets without input control (Supplemental Table S1) a stringent SICER e-value
cutoff of 0.05 was applied. Identified peaks were filtered to discard peaks for which the main
summit was within promoter regions (2 kb upstream and 2 kb downstream of TSSs based on
RefSeq annotations (Rosenbloom et al. 2015)), and if at least 50% of the peak overlapped
with these regions (Supplemental File S1; Supplemental File S2). To identify typical
enhancers and SEs the ROSE algorithm version 0.1 was applied with default parameters
(Whyte et al. 2013; Lovén et al. 2013) using the filtered peaks identified by SICER, H3K27ac
and input BAM files and performing TSS exclusion (-t 2000). H3K27ac metagene
representations of typical enhancers and SEs were obtained as previously described (Whyte
et al. 2013) by applying the “bamToGFF” function of ROSE. WIG files representing raw
H3K27ac occupancy were generated using FindPeaks version 4.0.15 (Fejes et al. 2008),
setting a triangle distribution accordingly to the fragment size of each library and removing

duplicates (—duplicatefilter).

Genomic distribution of typical enhancers and SEs
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The calculation of typical enhancer and SE distributions around TSSs was performed using
the Nebula tool “Get peak distribution around TSS (histones)” (Boeva et al. 2012). Typical
enhancer and SE enrichments over gene bodies were calculated with a customized script
(Supplemental File S3) using BEDTools functions annotate and shuffle, and RefSeq Gene
annotations filtered to keep only unique coordinates. Enrichment over gene bodies for
control regions was calculated using bootstrap resampling with 100 iterations, and the mean
and standard deviation were used to generate Fig. 2C bar plots. To calculate the percentage
of typical enhancer and SE sequences overlapping with genomic features, typical enhancer
and SE annotations were compared to RefSeq Gene annotations (Karolchik et al. 2004;
Rosembloom et al. 2015) using BEDTools intersect function with the —wo option and the rest
as default. RefSeq overlapping regions in the same strand and for the same genomic feature
where merged with the BEDTools merge function to consider each base in the genome only
once. The number of base pairs overlapping with each genomic feature was divided by the

total length of typical enhancers or SEs to calculate the percentages.

Gene ontology annotations

Functional annotations of zebrafish SEs were performed with GREAT version 3.0.0 (McLean
et al. 2010; Hiller et al. 2013) using “Basal plus extension” mode and setting the distal

extension to 100 kb.

Cell and tissue specificity analysis

Multiple comparisons between typical enhancer and SE datasets from the same species
were performed with HOMER mergePeaks tool version 4.7.2 (Heinz et al. 2010) with options
—d given and —gsize 1412464843, 2793712140 and 3137144693 for zebrafish, mouse and

human, respectively. Human brain typical enhancer and SE annotations were converted
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(liftOver; Kent et al. 2002) from hgl19 genomic coordinates to hg38 coordinates for the

analysis.

Sequence conservation analyses

Sequence conservation scores were calculated based on the vertebrate conservation
PhastCons tracks from UCSC associated with each of the genome versions used for read
mapping (Siepel and Haussler 2005; Siepel et al. 2005). The UCSC tool hgWiggle (Kent et
al. 2002) was used to extract PhastCons scores for each typical enhancer and SE. A
customized Python script (Supplemental File S4) was written to bin typical enhancers and
SEs into 50 windows of equal length and process hgWiggle output file to calculate the
average sequence conservation of each window. Conservation values for all typical
enhancers and SEs and for each window were used to generate metagene representations
shown in Fig. 4A. Simultaneously, the average sequence conservation of the whole typical
enhancer or SE was calculated by the same python script. In addition, average sequence
conservation scores were also calculated for the immediate upstream (-3 kb) and

downstream (+3 kb) typical enhancer and SE regions.

Orthologous gene comparisons

Typical enhancer and SE target genes were annotated based on gene proximity using the
“Annotation of genes with ChiP-seq peaks (histones)” function from the Nebula web server,
and a maximum distance of 100 kb from gene bodies. Typical enhancer and SE annotations
of mouse (cerebellum and olfactory bulb only) and human adult brain and heart datasets
were collapsed into one single dataset for each species. Genes associated with SEs were
discarded from the lists of genes associated with typical enhancers. All gene names were
converted to Ensembl ids through bioDBnet 2.1 (Mudunuri et al. 2009) and associated with

the Ensembl ids of their human or mouse orthologous genes using the homology



127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

annotations from Ensembl (Genes 82; Cunningham et al. 2015). For each zebrafish and
mouse dataset a list was generated containing the Ensembl ids of the human (pluripotent
state, brain, heart and intestine datasets) or mouse (zebrafish testis dataset) orthologous
genes and the zebrafish or mouse Ensembl ids of the genes without homology relationships.
The resulting lists were compared to identify shared predicted target genes between species
based on human Ensembl ids (for pluripotent state, brain, heart and intestine datasets) and

on mouse Ensembl ids (for testis datasets).

ATAC-seq analyses

ATAC-seq peaks were identified as previously described (Buenrostro et al. 2013) with
modifications in the programs used. Briefly, reads were mapped to the Zv9 zebrafish
genome using Bowtie version 0.12.8 (Langmead et al. 2009) allowing up to 1 mismatch in
the seed region and keeping only uniquely mapped reads (-m 1). Unaligned reads were
filtered to remove sequencing adaptors in the 5’ region using cutadapt version 1.3 (Martin
2011). Trimmed reads with minimal length of 40 bp were re-mapped to the Zv9 genome. All
mapped reads with mapping quality = 20 were merged and converted to BED format. After
adjusting read start sites to represent the transposon binding (Buenrostro et al. 2013), peaks
were identified using MACS version 1.4.2 (Zhang et al. 2008) with default band width (-bw

300), default range of high-confidence enrichment ratio (-m 10,30) and removing duplicates.

Over-represented motifs in ATAC-seq peaks within SEs were identified using the RSAT
peak-motifs tool (Thomas-Chollier et al. 2012a; Thomas-Chollier et al. 2012b). ATAC-seq
peaks within typical enhancers were used as background regions to perform differential
analysis. Peak-motifs was used with default parameters to identify over-represented words
(oligo-analysis) and spaced word pairs (dyad-analysis) using three oligomer lengths (6, 7
and 8) and a maximum number of 5 motifs per algorithm. De-novo identified motifs were

compared to the JASPAR core non-redundant vertebrates (2016; Mathelier et al. 2016) and
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to the human HOCOMOCO databases (2015-11; Kulakovskiy et al. 2012). Binding sites
were predicted for the identified motifs using a background model with Markov order equal to
1. To obtain a representative set of motifs, matrix clustering was performed using the RSAT
matrix-clustering tool with an average agglomeration rule (Medina-Rivera et al. 2015).
Consensus motifs of the identified clusters were compared to the JASPAR core non-
redundant vertebrates and the human HOCOMOCO databases using compare-matrices

from RSAT with default parameters (Medina-Rivera et al. 2015).

Zebrafish Nanog ChlIP-seq analysis

Reads from the Nanog ChlP-seq dataset were mapped to the zebrafish Zv9 genome version
using Bowtie 2 allowing up to 1 mismatch in the seed region. Reads with mapping quality =
20 were used for peak calling with MACS, using default parameters and setting the band
width to 150. Nanog peaks were filtered to discard peaks with FDR > 2% and sub-peaks
were identified using PeakSplitter version 0.1 (Salmon-Divon et al. 2010). Comparison of the
Nanog peaks and ATAC-seq peaks was performed with the HOMER mergePeaks tool with

options —d given and —gsize 1412464843.

Analysis of mouse TF ChIP-seq datasets

Mouse ChlIP-seq datasets for 14 TFs were mapped to the mm10 genome version with
Bowtie 2 (Supplemental Table S3). Peak calling was performed with MACS, adjusting the
band width parameter accordingly to each library. Peaks with an FDR > 2% were discarded
and PeakSplitter was applied to the remaining peaks to identify sub-peaks. Sub-peaks for all
the libraries were collapsed and those within typical enhancers and SEs were used to create

enrichment tracks of TFBSs using 1 kb windows.



178  Motif analysis of the SE-zic2a S region

179  The SE-zic2a L, M, N, O and S region sequences were scanned using matrix-scan from

180 RSAT (Turatsinze et al. 2008) with default parameters (pseudo-counts = 1, distributed

181  proportionally to residues priors, p-value threshold of 1x10*). Matrix models used for the

182  scanning corresponded to the whole sets of JASPAR core non-redundant vertebrates and
183  human HOCOMOCO matrices. Common sites between the S and the regions without

184  enhancer activity (L, M, N and O regions) were discarded and only the unique predicted sites

185  within the S region are shown in Supplemental Table S3.
186
187  Statistical analyses

188  All graphs and statistical analyses were performed with R version 3.1.0 (R Development
189  Core Team 2008). Venn and Chow-Ruskey diagrams were generated using the R package

190  Vennerable version 3.0 (http://r-forge.r-project.org/projects/vennerable).
191
192  Molecular cloning

193  SE regions were PCR amplified (Supplemental Table S3), sub-cloned into the pCRII-TOPO
194  vector (Zero Blunt TOPO PCR Cloning Kit, Invitrogen) and sequenced by Sanger method.
195  After sequence confirmation, pCRII-TOPO vectors were used to perform sticky-end

196  subcloning or Gibson assembly subcloning of the SE regions into the E1b-GFP-Tol2-

197  Gateway vector (Birnbaum et al. 2012; Addgene plasmid # 37846) with Bglll following NEB
198  protocols. Ligation products were used to transform One Shot ccdB Survival 2 T1 Competent

199  Cells (Invitrogen). All vectors were midiprep purified (QIAGEN) and verified by sequencing.
200

201  Microinjections of zebrafish embryos
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A vector carrying Tol2 mRNA (kind gift of F. Del Bene laboratory) was linearized using Notl.
Capped Tol2 mRNA was in vitro transcribed using the mMMESSAGE mMACHINE SP6 Kit
(Life Technologies) and purified with the RNeasy Mini Kit (QIAGEN). Tol2 mRNA was co-
injected with each of the E1b-GFP-Tol2-Gateway modified vectors into one-cell stage
zebrafish embryos. Each embryo was injected with 1 nl of a solution containing 173 ng/ul of
Tol2 mRNA, 30 ng/ul of vector and 13% of phenol red. Injected embryos were kept in
medium containing Pen Strep and phenylthiourea (PTU) at 27°C. GFP expression was
monitored during the first three days post-fertilization. All injection experiments were

repeated at least twice (Supplementary Table S3).

Microscopy

Zebrafish embryo imaging was performed using a Zeiss SteREO Discovery.V20
stereomicroscope equipped with a Zeiss Axiocam MRc camera and ZEN 2012 software. All

images were processed using Adobe Photoshop CC software.
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