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Abstract

Tissue function and homeostasis reflect the gene expression signature by which the combination of ubiquitous
and tissue-specific genes contribute to the tissue maintenance and stimuli-responsive function. Enhancers
are central to control this tissue-specific gene expression pattern. Here, we explore the correlation between
the genomic location of enhancers and their role in tissue-specific gene expression. We found that enhancers
showing tissue-specific activity are highly enriched in intronic regions and regulate the expression of genes
involved in tissue-specific functions, while housekeeping genes are more often controlled by intergenic en-
hancers. Notably, an intergenic-to-intronic active enhancers continuum is observed in the transition from
developmental to adult stages: the most differentiated tissues present higher rates of intronic enhancers,
while the lowest rates are observed in embryonic stem cells. Altogether, our results suggest that the genomic

location of active enhancers is key for the tissue-specific control of gene expression.
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Introduction

Multiple layers of molecular and cellular events tightly control the level, time and spatial distribution of expres-
sion of a particular gene. This wide range of mechanisms, known as gene regulation, defines tissue-specific
gene expression signatures (Melé et al., 2015), which account for all the processes controlling the tissue func-
tion and maintenance, namely tissue homeostasis. Both the level and spatio-temporal pattern of expression
of a gene are determined by a combination of regulatory elements (REs) controlling its transcriptional activa-
tion. Most genes contributing to tissue-specific expression signatures are actively transcribed in more than
one tissue, but at different levels and with distinct patterns of expression in time and space, suggesting that
the regulation of these genes is different across tissues. Nevertheless, approximately 10-20% of all genes
are ubiquitously expressed (housekeeping genes), and they are involved in basic cell maintenance functions
(Pervouchine et al., 2015; Zabidi et al., 2015; Eisenberg and Levanon, 2013).

cis-REs (CREs) are distributed across the whole genome, and changes in chromatin facilitate the tran-
scriptional control over their target genes (Chen et al., 2019; Hawkins et al., 2010; Choukrallah et al., 2015).
The activation of CREs depends on several epigenetic features, including combinations of different transcrip-
tion factors’ binding sites, and it is positively correlated with the H3K27ac histone modification signal (Heinz
et al., 2015; Heintzman et al., 2007). Epigenetic features in specific tissues may change throughout the life-
span of individuals. During development, embryos undergo dramatic morphological and functional changes.
These changes shape cell fate and identity as a result of tightly regulated transcriptional programs, which
in turn are intimately associated with CREs’ activity and chromatin dynamics (Shlyueva et al., 2014; Bonev
et al., 2017; Rand and Cedar, 2003; Gilbert et al., 2003).

Notably, key CREs known to regulate gene expression have been reported to locate in introns of their
target genes (Ott et al., 2009; Kawase et al., 2011). However, it is unknown whether this is either a sporadic
feature associated with certain types of genes - for instance long genes, such as HBB (;3-globin) (Gillies
et al., 1983) or CFTR (Ott et al., 2009) -, a common regulatory mechanism to most genes (Khandekar et al.,
2007; Levine, 2010), or a pattern of biological significance. To delve into this question, we analyzed the
genomic location of CREs across a panel of 87 adult and embryonic human cell types available from the
Encyclopedia of DNA Elements (ENCODE) Project (Abascal et al., 2020). We found that highly shared CREs
are mostly intergenic, while tissue-specific CREs tend to accumulate in introns. The prevalence of intronic
CREs correlates with the level of specialization of the tissues, with the more differentiated ones presenting
enrichment of intronic CREs. Moreover, intronic CREs target genes involved in tissue-specific functions and

homeostasis, suggesting their implication in the functional specificity of tissues.

Results

Enhancer-like regulatory elements define tissue-specific signatures

We leveraged the cell type-agnostic registry of candidate cis-Regulatory Elements (cCREs) generated for

the human genome (hg19) by the ENCODE Project. We focused on the set of 991,173 cCREs classified
3
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as Enhancer-Like Signatures (ELSs), defined as DNAse hypersensitive sites supported by the H3K27ac epi-
genetic signal, and assessed their presence-absence patterns across 60 adult cell type-specific catalogues
(Table S1; see Methods). We first explored the data with multidimensional scaling (MDS), which uncovered
tissue-specific presence-absence patterns (Fig. S1A). Indeed, the separation of samples driven by ELSs’
activity was comparable to the one obtained from the analysis of Genotype-Tissue Expression (GTEx) data
(Melé et al., 2015), with blood and brain as the most diverging samples. This suggests a correlation between
gene regulation mechanisms orchestrated by ELSs and tissue-specific gene expression patterns, which has
been previously described (Pennacchio et al., 2007; Ernst et al., 2011).

Interestingly, we observed that the proportion of active ELSs located in intergenic regions was positively
correlated with the number of samples in which ELSs were active (Spearman’s p = 0.55; p value = 6.2e-06;
Fig. 1A), suggesting a functional role for the genomic location of ELSs. Thus, to untangle the relationship
between genomic location and cell-type specificity of ELSs, we selected a subset of 25 samples that clustered
into 5 main groups - iPSCs, fibro/myoblasts, muscle, blood and brain samples (Fig. 1B-C; Table S1, Samples’
Cluster) - according to their MDS proximity and consistently with their tissue of origin and function. This
curated subset of samples allowed us to study enhancer activity in a tissue-specific manner, and compare
it with regulatory mechanisms shared among tissues. Tissues represented by only one sample were not
included in the subsequent analysis. Indeed, the fact that the ad hoc tissues’ functional clustering is supported
by tissue-specific enhancer signatures suggests a direct link between ELSs’ activity and the regulation of
tissue-specific functions. We defined tissue-active ELSs as those active in > 80% of the samples within
a given cluster (Table S2, Tissue-active ELSs; see Methods). As expected, in some cases we observed
shared regulatory activity between tissues, in other words a fraction of ELSs active in a given cluster were
also active in samples belonging to other clusters. For instance, approximately 1,700 blood-active ELSs were
also active in all the seven brain samples (Fig. S1B). Because of this overlap, we defined sets of tissue-
specific ELSs (Table S2, see Methods) as those active in > 80% of the samples within the tissue cluster
and in at most one sample outside the cluster. Due to their small size, for iPSC and fibro/myoblast clusters
we considered as tissue-specific those ELSs active exclusively within their clusters (see Methods). The
overlap of tissue-specific ELSs with samples from other clusters is depicted in Fig. 1D. The majority of brain-
and blood-specific ELSs were active only within their tissue cluster (71.9% and 62.3%, respectively), while
a considerable fraction (52.0%) of muscle-specific ELSs was shared with one sample from other clusters,
mostly with fibro/myoblast samples (33.1%). This is consistent with the samples’ MDS proximity observed in
Fig. 1B, suggesting a functional relevance of the genes regulated by shared ELSs. In addition, we identified
a set of 208 ELSs active in all the 25 samples (Table S2, Common ELSSs).
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Figure 1. A: Highly-shared ELSs are more frequently located in intergenic regions. The scatter plot represents the
proportion of intergenic ELSs active in increasing numbers of human adult samples (Spearman’s p = 0.55; p value =
6.2e-06). B: MDS distribution of human adult samples defined by ELSs’ activity. Analogous representation to Figure
S1A for the subset of 25 selected adult human samples. C: Samples’ clustering defined by ELSs’ presence-absence
patterns (clustering method: complete; clustering distance: euclidean). The heatmap represents the percentage of
ELSs active in row j that are also active in column j. For this analysis we considered 268,214 of the 991,173 ELSs that
were active in at least 2 of the 25 selected human adult samples. The correspondence between samples and numbers
is reported in Table S1. D: Tissue-specific ELSs. The barplot represents the type of samples found within sets of brain-,
blood- and muscle-specific ELSs. As described in Methods (section Tissue-active, tissue-specific and common ELSS),
most of tissue-specific ELSs are only active in the samples of the corresponding cluster (“within-cluster”, black), but
a few of them may be active in at most one outer sample (i.e. a sample that does not belong to the tissue cluster,
coloured). IPSC- and fibro/myoblasts-specific ELSs are not represented, since we did not allow outer samples given

their small cluster sizes (2 and 3, respectively; see Methods).
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The genomic location of regulatory elements correlates with their tissue-homeostatic func-

tions

We next explored the genomic location of the sets of common and tissue-specific ELSs. While common
ELSs were preferentially located in intergenic regions (63.4%, Fig. 2A), the majority of muscle- and brain-
specific ELSs fell inside introns (71.6% and 74.0%, respectively; Fig. 2A). These significant differences in
genomic distribution between tissue-specific and common regulatory elements (Table S3) are consistent with
our initial observation of a high sharing rate of intergenic ELSs across samples (Fig. 1A). In contrast, the iPSC,
fibro/myoblasts and blood clusters - which comprise undifferentiated, non-specialized or more heterogeneous
cell types, respectively - showed a more even distribution of tissue-specific ELSs between intergenic and
intronic regions (Fig. 2A). Overall, we observed a scarcity of exonic ELSs (Fig. 2A, Table S4).

Genes harboring tissue-specific ELSs may present distinctive features, including differences in intron
length and density. To rule out any bias in our analyses, we compared these features between genes hosting
common and tissue-specific ELSs. While the number of introns per hosting gene was comparable across
groups (Kruskal-Wallis p value test = 0.98; Fig. S2A), we reported significant differences in the median
intron length per gene (Kruskal-Wallis p value test < 2.2e-16; Fig. S2A). Moreover, we observed significant
differences in the intronic ELSs’ density (Kruskal-Wallis p value test < 2.2e-16), with higher values for brain
and muscle, suggesting that the enrichment of tissue-specific ELSs in intronic regions is not biased by the
intron length (Fig. S2A).

We subsequently explored whether the genes harboring tissue-specific intronic ELSs perform functions
associated with tissue homeostasis maintenance and response to stimuli. We performed a Gene Ontology
(GO) enrichment analysis on the genes containing tissue-specific intronic ELSs. Indeed, the enrichment of
terms associated with tissue-specific cellular components is consistent with the ELSs’ identity (Table S5). For
instance, genes hosting brain-specific ELSs perform functions associated with synapses and axons, while in
the case of muscle and blood we found significant terms related to sarcolemma, Z-disc and contractile fibers,
and immunological synapses and cell membranes, respectively. Conversely, genes harboring common ELSs
reported terms related to non-specific cell membrane composition (Table S5). Although this suggests an impli-
cation of intronic ELSs in tissue-specific functions, likely through tissue-specific gene regulation mechanisms,
there is no proven association of intronic ELSs being direct regulators of their host genes.

To address this issue, we integrated our ELS analysis with the catalogue of expression Quantitative Trait
Loci (eQTLs) provided by the Genotype-Tissue Expression (GTEx) Project (Aguet et al., 2017). Among the
35,275 common and tissue-specific ELSs, 5,941 overlap with a significantly associated eQTL-eGene pair,
hereafter referred to as eQTL-ELSs. The proportion of eQTL-ELSs was similar among groups, with the
exception of iPSC, which are not represented in the GTEx sampling collection (Fig. S2B). This allowed
us to leverage the eQTL-ELSs pairs to explore the biological function of the genomic distribution of ELSs,
focusing on eQTLs regulating gene expression in the four GTEx categories matching our samples’ clusters
(fibroblasts, blood, muscle and brain subregions; see Methods). In line with the above-mentioned results,

highly specialized tissues such as brain and muscle showed the highest proportion of intronic vs intergenic
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ELSs hosting eQTLs detected in the corresponding tissue: brain (2,105 (78%) vs 593 (22%)), muscle (349
(76%) vs 108 (24%)), fibro/myoblasts (289 (63%) vs 163 (37%)), blood (138 (59%) vs 94 (41%)) (Figure
2B). Conversely, common eQTL-ELSs were more frequently located in intergenic elements (5 (25%) vs 15
(75%)) (data not shown). Overall, these results indicate a potential functional role of the genomic distribution
of ELSs in the regulation of tissue-specific gene expression. Still, although there is a clear trend of eQTL-
ELSs’ specificity per tissue, many of these eQTLs are not exclusive to a single tissue. For this reason, we
validated our observations with a GO enrichment analysis on the sets of genes associated with intronic and
intergenic eQTL-ELSs. GO analysis on muscle- and brain-specific eQTL-ELSs showed a clear prevalence of
tissue-specific homeostatic functions for those genes targeted by intronic eQTL-ELSs (for instance, muscle:
carbohydrate and amino acid metabolism; brain: cell projection and organization). On the contrary, in the
case of blood we found significantly enriched GO terms only for genes targeted by intergenic eQTL-ELSs
(Table S6). This might be due to the fact that blood comprises different cell types and can be considered
a more heterogeneous tissue. Overall, these results suggest that intronic eQTL-ELSs are involved in the
regulation of genes controlling tissue-specific functions and tissue homeostasis.

Next, we wanted to understand the relationship between the intronic ELSs and their harboring genes.
Of note, the proportion of intronic eQTL-ELSs targeting their host genes was comparable among groups of
samples, but always below the 54.3% (Fig. 2C). Most interestingly, eQTL-ELSs regulating the expression of
the host gene are associated with tissue-specific functions, with genes involved in axonal components for the
brain (e.g. NRCAM), actin cytoskeleton for fibroblasts (e.g. FMN1) or contractility-related terms for muscle
(e.g. SYNM). However, those targeting the expression of non-hosting genes are involved in homeostatic
functions not directly associated with the tissue function. For instance, the brain presents significant terms
related to the splicing proteins (e.g. SF3A1, SF3B1), a widely extended process in the brain and responsible
of the fine tuning of several brain functions (Vuong et al., 2016) (Fig. 2D). Overall, this suggests that other
mechanistic strategies may account for the intronic preference of regulatory elements in highly specialized

tissues.
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Figure 2. A: Proportions of common and tissue-specific ELSs identified in the 25 selected human adult samples that

overlap intronic, exonic and intergenic regions. B: Number of intergenic and intronic muscle-, fibro/myobblasts-, brain-

and blood-specific ELSs harboring eQTLs detected in Muscle, Fibroblasts, Brain subregions and Blood GTEx samples.

Coloured cells represent the proportion of eQTL-ELSs over the total amount of tissue-specific ELSs within each group.

C: Proportions of common and tissue-specific eQTL-ELSs targeting their host genes. These proportions were computed

over the total amount of intronic eQTL-ELSs within each group. D: Top five enriched GO terms associated with the

hosting and non-hosting eQTL-ELSs regulated genes. P value (FDR corrected) is reported for each enriched term.
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The enrichment of transcription factor binding sites in tissue-specific ELSs is independent

of their genomic location

The activation of ELSs is a dynamic process depending, mainly, on its accessible chromatin to be bound
by transcription factors (TFs). Thus, tissue-specific gene expression programs may be controlled by the
underlying signature of TFs-ELSs pairing (Schmitt et al., 2016). We next wondered whether the specific
distribution of ELSs, i.e. intronic vs intergenic, was associated with a different transcription factor binding
site (TFBS) signature that could account for their tissue specificity. For this purpose we explored, using the
software HOMER (Heinz et al., 2010), TFBSs differences between intronic and intergenic ELSs that were
either common or specific to a given tissue. We observed a high sharing rate of TFBSs between intronic
and intergenic ELSs, suggesting that there is a strong prevalence of certain transcriptional programs in each
tissue independently of the genomic location of ELSs. Notably, there are no enriched TFBSs in common
ELSs, either intronic or intergenic (Fig. 3A and Table S7). Amongst the TFBSs enriched in the tissue-specific
intronic and intergenic ELSs, there are some that are well known to control tissue-specific homeostatic events,
such as FLI1 and RUNX in blood controlling adult endothelial hemogenesis (Lis et al., 2017), and POU6F1
(Brn5), SOX4 and SOX8 in brain controlling the adult neural plasticity (McClard et al., 2018). POU5F1 (Oct4)
is required for iPSC reprogramming, and MEIS1 in muscle is key for cardiomyogenesis (Dupays et al., 2015).
Although a great number of the TFs identified in our analysis are known for shaping the functions of certain
tissues, the vast majority of these TFs are ubiquitously or widely expressed in several tissues (Fig. 3B),
suggesting that the tissue-specificity of gene regulation does not arise from the transcription factor’s potential

to bind an ELS, but most likely from the genomic localization of the ELSs.

The genomic location of developmental ELSs is not associated with tissue specificity

Tissue-specific homeostatic features vary dramatically among different adult tissues. For instance, blood
comprises a number of cell types characterized by heterogeneous functions and high turnover. On the other
hand, muscles are formed by fewer cell types, mainly dedicated to the same function and with limited cell
division capacity. The maintenance of tissue homeostasis is ensured by quiescent adult stem cells with
features similar to their developmental native lineage (Rué and Martinez Arias, 2015; Biteau et al., 2011).
During development, tissues mature to fully reach their functional capacity in adulthood. Still, whether the
regulatory features of a given tissue are reminiscent of their developmental lineage remains largely unknown.
For this reason, we assessed the activity of the 991,173 cell type-agnostic ELSs across 27 embryonic samples
(Table S8). The correlation between the percentage of intergenic ELSs and the number of samples in which
ELSs are active was lower compared to adult samples (Spearman’s p = 0.38; p value = 0.054; Fig. 4A). MDS
analysis highlighted three main groups of embryonic samples: stem cells (ESC), neural progenitors, and a
heterogeneous group of more differentiated cell types (Fig. 4B; Table S8, Samples’ Group). The three groups
of samples were associated with 3,112, 784 and 1,166 specific ELSs, respectively (Table S9). Although the

majority of these ELSs were active only within the corresponding cluster, we reported that 26.2% of the
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Figure 3. A: Word cloud reporting the TFBSs significantly enriched in intronic and intergenic tissue-specific ELSs. No

significant TFBSs were found in common ELSs. The size of the word represents the significance of TFBSs enrichment.

B: Median expression, in the four matching GTEXx tissues categories, of the TFs associated with significantly enriched

TFBSs in each cluster.
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neural progenitors-specific ELSs were also active in one ESC sample (Fig. S3A). On the contrary, we
identified only 94 ELSs common to all embryonic samples (Table S9). The proportion of specific intronic
ELSs was higher for neural progenitors and differentiated tissues (60.3% and 60.6%, respectively; Fig. 4C)
compared to ESC-specific (50.9%) and common (38.3%) ELSs, but lower with respect to clusters of adult
muscle and brain samples (71.6% and 74.0%, respectively, Fig. 2A). As in the case of adult samples, we
observed a scarcity of exonic ELSs (Fig. 4C, Table S11), while we could not find significant associations
between the frequency of group-specific intronic ELSs and features of intron length and density (Figs. S3B).
On the other hand, the density of ELSs per introns (Fig. S3B) was similar to the one observed in adult
samples (Fig. S2A).

When studying the genes harboring developmental group-specific intronic ELSs, we observed that they
are enriched in functions consistent with the corresponding adult tissue (Table S12). For instance, the ones
hosting neural progenitors-specific ELSs are enriched in neural development-related terms, such as axono-
genesis and dendritic spine organization. Notably, genes harboring developmental common ELSs are en-
riched in protein complexes like nBAF and SWI/SNF, known developmental chromatin remodelers (Alver
et al., 2017).

Lastly, in an attempt to define the amount of regulatory activity shared by embryonic and adult samples as
an indicator of the reminiscent embryonic function in adult tissue homeostasis, we computed, for specific and
common embryonic ELSs, the number of adult tissues in which they were found active. As expected, whereas
ELSs specific to stem cells and neural progenitors were active in a limited set of adult samples, embryonic
differentiated tissues reported a higher degree of shared regulatory activity with adult cell types. Moreover,
ELSs active in all embryonic samples (common) were also active in the majority of adult samples (Fig. 4D).
Overall, these results show that the genomic location of ELSs is dynamic throughout development, and shifts

towards intronic localization during tissue maturation.
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Figure 4. A: Scatter plot representing the percentage of intergenic ELSs active in increasing numbers of human
embryonic samples (Spearman’s p = 0.38; p value = 0.054). The degree of correlation between ELSs’ sharing and the
percentage of intergenic ELSs is lower compared to the one observed for adult samples. B: MDS representation of the
dissimilarities between the 27 human embryonic samples according to the pattern of activity of ELS-cREs (analogous
to Fig. 1B). The correspondence between samples and numbers is reported in Table S8. The MDS highlights 3 main
groups of embryonic samples. C: Proportions of common and group-specific ELSs identified in embryonic samples that
overlap intronic, exonic and intergenic regions. D: Rate of sharing of intronic (upper panel) and intergenic (lower panel)
ELSs between embryonic and adult samples. The histogram represents the number of selected adult samples (n = 25)

in which embryonic ELSs are active. 12
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Discussion

In this study, we show the central role of intronic Enhancer-Like Signatures (ELSs) in the control of tissue-
specific expression signatures. Tissue-specific homeostasis is a dynamic process encompassing the coor-
dinated expression in time and space of a wealth of genes, mainly controlled by active ELSs. ENCODE
data suggests that about half of these ELSs are intergenic, and 38% are intronic (ENCODE SCREEN Por-
tal: https://screen-v10.wenglab.org/, section “About”). The enrichment in intronic ELSs in the most
specialized tissues observed in our study, independently of the sequence - in terms of transcription factor
binding sites - suggests an important role of the genomic location of ELSs. Since Heitz described in 1928
(Heitz, 1928) euchromatin as chromosomal regions enriched in genes, and heterochromatin as inactive or
passive chromatin regions, this dual definition has been shaped throughout the years but it still remains vastly
correct (De Laat and Duboule, 2013; DeMare et al., 2013; Ernst and Kellis, 2010). Intergenic regions are
often transcriptionally and regulatory silenced, and notably they are more frequent in adult than embryonic
tissues (Heinz et al., 2015). A similar correlation is observed in our data, since embryonic ELSs are not
so frequently found in intronic elements as in adults, suggesting that the maturation and tissue commitment
correlated with the ELS distribution across the whole genome. One could hypothesize that the enriched pres-
ence of intronic ELSs in specialized tissues is advantageous for the control of the gene expression signature
of a particular tissue, for instance granting ELSs accessibility in open DNA regions (genes) and avoiding
leaky activity of ELSs. Introns have been long observed as gene expression regulators throughout different
mechanisms (Rose, 2019; Chorev and Carmel, 2012; Shaul, 2017). Introns regulatory potential has been
longly associated with the regulation of the host gene’s expression in several different ways, often related
to alternative splicing, intron retention (Jacob and Smith, 2017), non-sense mediated decay (Lewis et al.,
2003), and even with the control of transcription initiation via recruitment of RNA Polymerase |l (Bieberstein
et al., 2012). However, here we found that about half of the eQTL-ELSs located in introns do not regulate the
expression of the host gene. This is important regulatory information since it disentangles the presence of
intronic ELSs from the regulation of the host gene, opening new opportunities to identify the regulatory mech-
anisms controlling tissue-specific gene expression. Overall, our results suggest that the genomic distribution
of tissue-specific active ELSs is not stochastic and mainly overlaps with intronic elements. The opposite hap-
pens to active ELSs common to all tissues. These results suggest that introns play a role in the regulation of

gene expression in a tissue-specific manner.
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Methods

The ENCODE registry of candidate cis-Regulatory Elements

The cell type-agnostic registry of human candidate cis-Regulatory Elements (CCREs) available from the EN-
CODE portal corresponds to a subset of 1,310,152 representative DNase hypersensitivity sites (rDHSs) in the
human genome with epigenetic activity further supported by histone modification (H3K4me3 and H3K27ac)
or CTCF-binding data (https://screen-v10.wenglab.org/; section “About”). It comprises 991,173
Enhancer-Like Signatures (ELS), 254,880 Promoter-Like Signatures (PLS), and 64,099 CTCF-only Signa-
tures. In addition, cell type-specific catalogues are provided for those cell types with available DNase and
ChlIP-seq ENCODE data.

Selection of cCREs with enhancer-like signature (ELS) across human samples

We downloaded the set of 1,310,152 cell type-agnostic cCREs for human assembly 19 (hg19) from the
ENCODE SCREEN webpage (https://screen-v10.wenglab.org/; file ID: ENCFF788SJC). From the

ENCODE portal (https://www.encodeproject.org/matrix/?type=Annotationsencyclopedia_

version=ENCODE+v4g&annotation_type=candidate+Cis-Regulatory+Elements&assembly=hgl9),

we retrieved cell type-specific registries of cCREs for 60 adult and 27 embryonic human samples with avail-
able DNase data and ChlP-seq H3K4me3 and H3K27ac data. The ENCODE File Identifiers for the adult
and embryonic datasets are reported in Table S1 and S8, respectively. We focused on the 991,173 cell type-
agnostic cCREs with ELS activity, and generated a binary table in which we assessed, for a given cCRE,
the presence/absence of ELS activity annotation (column 9 = 255, 205, 0”) in each of the 60 adult and 27
embryonic samples. A binary distance matrix between all pairs of adult samples was used to perform mul-
tidimensional scaling (MDS) in three dimensions. This resulted in the selection of 25 adult samples. The
same procedure was applied, independently, to the embryonic samples. In this case, IMR-90, mesendoderm,

mesodermal cell, endodermal cell and ectodermal cell samples were not included in subsequent analyses.

Intersection of ELSs with genes, introns, exons and intergenic regions

Genes, exons and introns’ coordinates were obtained from GENCODE v19 annotation (https://www.
gencodegenes.org/human/release_19.html). The overlap between ELSs and genes, exons and in-
trons was computed using BEDTools intersectBed v2.27.1 (Quinlan and Hall, 2010). The proportions of
ELSs overlapping intronic segments (Figs. 2A, 4C) also include a limited set of ELSs overlapping both in-
tronic and exonic regions (common adult ELSs: 2.4%; iPSC-specific ELSs: 3.1%; fibro/myoblasts-specific
ELSs: 4.5%; blood-specific ELSs: 5.6%; muscle-specific ELSs: 4.4%; brain-specific ELSs: 7.4%; common
embryonic ELSs: 7.4%; differentiated tissues-specific ELSs: 5.1%; neural progenitors-specific ELSs: 5.0%;
ESC-specific ELSs: 3.2%). On the other hand, we defined as exonic ELSs those intersecting exclusively
exonic regions (Figs. 2A, 4C). The overlap of ELSs with intergenic regions was obtained by intersecting the

former with the genes’ coordinates using the BEDTools intersectBed option -v.
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Tissue-active, tissue-specific and common ELSs

Tissue-active ELSs are ELSs active (see Methods section Selection of cCREs with enhancer-like signature
(ELS) across human samples) in > 80% of the samples within a given group of samples (blood = 4/5; muscle
= 6/8; brain = 6/7; stem cells = 5/6; neural progenitors = 5/6; differentiated tissues = 8/10). Because of the
small sample size, we required iPSC- and fibro/myoblasts ELSs to be active in 100% of the samples (2/2;
3/3). Tissue-specific ELSs are tissue-active ELSs that are active in 0 (iPSC, fibro/myoblasts) or at most 1
(all other groups) outer samples (i.e. samples outside the considered group). Common adult and embryonic
ELSs are ELSs active in 100% of the samples (25/25 and 22/22, respectively). To rule out indirect effects
of ELS activity related to promoter regions, we discarded common and tissue-specific ELSs overlapping any
annotated Transcription Start Site (TSS, £ 2Kb) in GENCODE v19.

Assessing enhancer regulatory activity

ELSs were annotated by using the GTEx v7 (Aguet et al., 2017)) significant variant-gene pairs from 46 dif-
ferent tissues (number of samples with genotype > 70). Only single-tissue eQTL-eGene associations with a
gval < 0.05 were used. Similar GTEXx tissues were grouped in unique categories in order to consider the most
complete catalogue of eQTL-eGene pairs per group of samples. These categories were named as follows:
fibroblasts (Skin Not Sun Exposed Suprapubic, Cells Transformed Fibroblasts), blood (Whole Blood, Spleen),
muscle (Skeletal Muscle), brain subregions (all brain subregions, Pituitary Gland, Nerve Tibial), cardiovas-
cular (Heart Atrial Appendage, Heart Left Ventricle, Artery Aorta, Artery Coronary, Artery Tibial), digestive
(Liver, Pancreas, Small Intestine Terminal lleum, Stomach, Colon Sigmoid, Colon Transverse, Esophagus
Gastroesophageal Junction, Esophagus Mucosa, Esophagus Muscularis, Adipose Subcutaneous, Adipose
Visceral Omentum), gland (Adrenal Gland, Thyroid, Minor Salivary Gland), breast (Breast Mammary Tissue),
lung (Lung), sexual (Ovary, Prostate, Testis, Uterus, Vagina). Bedtools (Quinlan and Hall, 2010) was used
to intersect the tissue-specific ELSs’ coordinates with the cis-eQTLs’ positions in the considered genomic
locations (intronic and intergenic). We kept all eQTL-eGene pairs that were found significantly associated
with the matching eQTL-ELS’s tissue category (brain, blood, muscle and fibro/myoblasts). In the case of
iPSC-specific and common ELSs, we considered those eQTL-eGene pairs that were significantly reported in
all the tissues. The resulting intersected ELSs were considered as being responsible for the regulation of the
associated eGene. The functional enrichment of the ELSs’ target genes was performed by the online utility
WebGestalt (Liao et al., 2019).

cis-Regulatory Elements and Transcription Factor Binding Sites

Transcription factor binding sites (TFBSs) were predicted by using the motif discovery software HOMER
(Heinz et al., 2010) This program performs a differential motif discovery by taking two sets of genomic regions
(findMotifGenome.pl script) and identifying the motifs that are enriched in one set of sequences relative to
a background list of regions. We analysed the tissue-specific ELSs’ binding motifs by considering the ELS

regions from all the other tissues as background. We searched for 6-mer and 7-mer length motifs as a way
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to focus on enriched core motif sequences and avoid redundancy from longer motifs with similar functions.
A hypergeometric test and FDR correction were applied for the motif enrichment. Only significantly enriched
motifs were considered in the subsequent analysis. The word size in Figure 3A is proportional to the sig-
nificance of the enrichment, it is calculated as the difference of sequence frequencies where the TFBS is
found in the target and background lists of regions. The functionality of the predicted TFBSs was assessed
by analysing the tissue-specific expression of the transcription factors that bind to them. GTEXx expression
data (v7) was analysed for those transcription factors whose TFBSs were reported as significant by HOMER

in all tissues and genomic locations.

Data access

All ENCODE data used in this study is publicly available on the ENCODE portal (https://www.encodeproject.
org/). GTEx gene expression and eQTL data is available on the GTEx portal (https://www.gtexportal.

org).
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