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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 find that enhancers showing tissue-specific activity are highly enriched in
intronic regions and regulate the expression of genes involved in tissue-specific functions, whereas housekeeping genes
are more often controlled by intergenic enhancers, common to many tissues. Notably, an intergenic-to-intronic active en-
hancers continuum is observed in the transition from developmental to adult stages: the most differentiated tissues present
higher rates of intronic enhancers, whereas 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.

[Supplemental material is available for this article.]

Multiple layers of molecular and cellular events tightly control the
level, time, and spatial distribution of expression 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
function and maintenance, namely tissue homeostasis. Both the
level and spatiotemporal pattern of expression of a gene are deter-
mined by a combination of regulatory elements (REs) controlling
its transcriptional activation. 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, ~10%-20%
of all genes are ubiquitously expressed (housekeeping genes),
and they are involved in basic cell maintenance functions
(Eisenberg and Levanon 2013; Pervouchine et al. 2015; Zabidi
et al. 2015).

cis-REs (CREs) are distributed across the whole genome, and
their histone signature correlates with the transcriptional control
they exert over their target genes (Hawkins et al. 2010;
Choukrallah et al. 2015; Chen et al. 2019). The activation of
CREs depends on several epigenetic features, including combina-
tions of different transcription factors’ binding sites, and it is pos-
itively correlated with the H3K27ac histone modification signal
(Heintzman et al. 2007; Heinz et al. 2015). Epigenetic features in
specific tissues may change throughout the lifespan of individuals.
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During development, embryos undergo morphological and func-
tional changes. These changes shape cell fate and identity as a re-
sult of tightly regulated transcriptional programs, which in turn
are intimately associated with CREs’ activity and chromatin dy-
namics (Gilbert et al. 2003; Rand and Cedar 2003; Shlyueva et al.
2014; Bonev et al. 2017).

Many 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 in-
stance, long genes, such as HBB (also known as beta-globin)
(Gillies et al. 1983) or CFTR (Ott et al. 2009)—or a common regu-
latory 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 70 adult and embryonic human cell types available from the
Encyclopedia of DNA Elements (ENCODE) Project (The ENCODE
Project Consortium 2020).

Results

Enhancer-like regulatory elements define tissue-specific signatures

We leveraged the cell type-agnostic registry of candidate cis-regu-
latory elements (cCREs) generated for the human genome (hg19)
by the ENCODE Project. We focused on the set of 991,173 cCREs
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classified as enhancer-like signatures (ELSs), defined as DNase I hy-
persensitive sites supported by the H3K27ac epigenetic signal, and
assessed their presence-absence patterns across 43 adult cell type—
specific catalogs (Supplemental Table 1; see Methods). We first ex-
plored the data with multidimensional scaling (MDS), which un-
covered tissue-specific presence-absence patterns (Supplemental
Fig. 1A). Indeed, the separation of samples driven by ELSs’ activity
is 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 tissues. This suggests a correlation be-
tween gene regulatory mechanisms orchestrated by ELSs and tis-
sue-specific gene expression patterns, which has been previously
described (Pennacchio et al. 2007; Ernst et al. 2011).

We observed that the proportion of active ELSs located in
intergenic regions increases with the number of samples in which
ELSs are active (Fig. 1A), suggesting an unexpected role for the
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Figure 1. Active enhancers define tissue identity. (A) Highly shared ELSs are more frequently located in intergenic regions. The scatterplot represents the

proportion of intergenic ELSs active in increasing numbers of human adult samples. Error bars represent the 95% confidence interval. (B) Samples’ clus-
tering defined by ELSs’ presence-absence patterns. The heat map depicts the binary distance between any pair of samples, based on the activity of 921,166
distal ELSs (+2 kb from any annotated TSS). The correspondence between samples and numbers is reported in Supplemental Table 1. (C) MDS distribution
of human adult samples defined by ELSs’ activity. Analogous representation to Supplemental Figure 1A for the subset of 33 selected adult human samples.
(D) Tissue-specific ELSs. The bar plot represents the type of samples found within sets of brain-, blood-, and muscle-specific ELSs. Most 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, colored). iPSCs-, fibro-/myoblasts-, digestive-, mucosa-, and aorta-specific ELSs are not represented,
because we did not allow outer samples, given their small cluster sizes (see Methods). (sk/c) skeletal/cardiac, (sm) smooth.
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genomic location of ELSs. Thus, to untangle the relationship be-
tween the genomic location and cell type-specificity of ELSs, we
selected a subset of 33 samples that formed nine main tissue
groups, supported by both hierarchical clustering and MDS prox-
imity: brain, iPSCs, blood, digestive system, intestinal mucosa,
fibro/myoblasts, aorta, skeletal/cardiac muscle, and smooth mus-
cle (Fig. 1B,C; Supplemental Table 1, Samples’ Cluster). Tissues rep-
resented by only one sample (ovary, thyroid gland, lung,
esophagus, spleen), or samples that do not cluster consistently
with their tissue of origin and function (endocrine pancreas, liver,
right lobe of liver, gastrocnemius medialis, bipolar neuron), were
not included in the subsequent analyses (Supplemental Table 1;
see Methods).

The fact that tissue-specific enhancer signatures contribute to
the ad hoc tissues’ functional clustering suggests a direct link be-
tween ELSs’ activity and the regulation of tissue-specific functions
(Fig. 1C). Thus, we set out to characterize tissue-specific enhancer
signatures and to compare them with regulatory mechanisms that
are common, that is, shared among most tissues. Tissue-specific
ELSs (Ts ELSs) were defined as those ELSs active in >80% of the
samples within a given cluster and in no more than one sample
outside the cluster (Supplemental Table 2; see Methods). For clus-
ters with limited sample number (<3), we required Ts ELSs to be ac-
tive exclusively within the corresponding tissue cluster (see
Methods). The overlap of Ts ELSs with samples from other clusters
(Fig. 1D) is consistent with the samples’ MDS proximity observed
in Figure 1C, suggesting a functional relevance of the genes regu-
lated by shared ELSs. In addition, we identified a set of 555 ELSs ac-
tive in 95% of the 33 samples, herein named as common ELSs
(Supplemental Table 2).

The genomic locations of regulatory elements correlate with their
tissue-homeostatic functions

We next explored the genomic location of the sets of common and
Ts ELSs. Although common ELSs are preferentially located in inter-
genic regions (58%) (Fig. 2A), the majority of aorta-, muscle-, and
brain-specific ELSs fall inside introns (between 63% and 74%) (Fig.
2A). These significant differences in genomic distribution between
tissue-specific and common regulatory elements (Supplemental
Table 3) are consistent with our initial observation of a high shar-
ing rate of intergenic ELSs across samples (Fig. 1A). In contrast, the
iPSCs, fibro/myoblasts, mucosa, digestive, and blood clusters—
which comprise undifferentiated, nonspecialized, highly prolifer-
ative or more heterogeneous cell types—show a more even distri-
bution of Ts ELSs between intergenic and intronic regions (Fig.
2A). Overall, we observed a limited abundance of exonic ELSs
(Fig. 2A; Supplemental Tables 3, 4).

Genes harboring Ts ELSs may present distinctive features, in-
cluding differences in gene and intron length. To rule out any bias
in our analyses, we compared these features between genes hosting
common and Ts ELSs. Although the number of introns per hosting
gene is comparable across groups (Kruskal-Wallis P-value test=
0.08), we reported significant differences in gene and median in-
tron length among tissues (Kruskal-Wallis P-value test <2.2x
107'®) (Supplemental Fig. 1B). Nevertheless, we did not observe a
correlation between such differences and the presence of intronic
ELSs (Supplemental Fig. 1B). Across all tissues, most of the intronic
Ts ELSs are located further than 5 kb from annotated TSSs
(Supplemental Fig. 1C) and do not show chromatin marking typ-
ical of promoters (see Methods section “Tissue-specific and com-
mon ELSs”).

We subsequently explored whether the genes harboring tis-
sue-specific intronic ELSs perform functions associated with main-
tenance of tissue homeostasis and response to stimuli. Indeed, the
enrichment of Gene Ontology (GO) terms associated with tissue-
specific cellular components is consistent with the ELSs’ tissue
identity (Supplemental Table 5). For instance, genes hosting
brain-specific ELSs perform functions associated with synapses
and axons, whereas in the case of muscle and blood, we found sig-
nificant terms related to sarcolemma, actin cytoskeleton and con-
tractile fibers, and immunological synapses and cell membranes,
respectively. Conversely, genes harboring common ELSs reported
terms related to ordinary cell functions and membrane composi-
tion (Supplemental Table 5). Although this suggests an implica-
tion of intronic ELSs in tissue-specific functions, likely through
tissue-specific gene regulation mechanisms, there is no proven ev-
idence of intronic ELSs being direct regulators of their host genes.
To identify genes targeted by Ts ELSs, we integrated our ELS anal-
ysis with the catalog of expression quantitative trait loci (eQTLs)
provided by the Genotype-Tissue Expression Project (The GTEx
Consortium 2017). eQTLs provide functional information about
the changes of expression associated with human variants. We le-
veraged eQTLs located in both intronic and intergenic ELSs to
identify their target genes. Among the 48,555 common and Ts
ELSs, 6349 overlap with a significantly associated eQTL-eGene
pair, hereafter referred to as eQTL-ELSs. The proportion of eQTL-
ELSs is similar among the tissue samples represented in the GTEx
sampling collection, ranging between 10% and 25% (Fig. 2B). In
all annotated tissues, gene regulation driven by eQTL-ELSs occurs
predominantly in the tissue where the ELS is specifically active
(Fig. 2C). In line with the above-mentioned results (Fig. 2A), highly
specialized tissues such as brain and muscle show the highest pro-
portion of intronic versus intergenic ELSs hosting eQTLs detected
in the corresponding tissue (Fig. 2B,C). Conversely, common
eQTL-ELSs are more frequently located in intergenic elements
(32% vs. 62%) (Fig. 2C). GO enrichment analysis on the sets of tar-
get genes associated with intronic and intergenic eQTL-ELSs shows
a clear prevalence of tissue-specific terms for those genes targeted
by intronic rather than intergenic eQTL-ELSs—for instance, skele-
tal/cardiac muscle: carbohydrate and amino acid metabolism;
brain: cell projection and microtubule cytoskeleton organization
(Supplemental Table 6). In contrast, genes associated with com-
mon eQTL-ELSs (either intronic or intergenic) do not show any
significantly enriched term. Altogether, these results suggest that
intronic eQTL-ELSs are involved in the regulation of genes associ-
ated with tissue-specific functions, whereas intergenic ELSs are
more devoted to tissue homeostatic processes.

Target genes of intronic ELSs identified by Hi-C regulate
tissue-specific functions

The interaction between ELSs and promoters is central for the on-
set of gene expression. These types of interactions are defined in
each tissue and can be identified genome-wide through Hi-C-
seq. Here, we explored ELS-promoter interactions reported by pub-
lished Hi-C data sets in relevant tissues, identifying Ts ELS-target
genes, and thus improving the annotations of ELSs-target genes
with respect to the eQTL analysis (Fig. 2D,E; Mifsud et al. 2015;
Jung et al. 2019; Lu et al. 2020). This approach allowed us to ob-
serve that most of the target genes are regulated by multiple ELSs
(Supplemental Fig. 2A). As in the case of eQTL-ELSs, brain and
muscle show the highest proportion of intronic versus intergenic
ELSs intersecting Hi-C interacting fragments in the corresponding
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Figure 2. Intronic location of tissue-specific ELSs. (A) Proportions of common and tissue-specific ELSs, identified in the 33 selected human adult samples
that overlap intronic, exonic, and intergenic regions. Error bars represent the 95% confidence interval. (sk/c) skeletal/cardiac, (sm) smooth). (B) Proportion
of eQTL-ELSs with respect to the total amount of ELSs in each cluster. (C) Number of intergenic (Ing) and intronic (Intr) cluster-specific ELSs harboring
eQTLs detected in the analyzed GTEx tissue samples. Common and iPSCs-specific ELSs were annotated with a composition of tissue-specific significant
eQTLs (see Methods). Colored cells represent the proportion of region-specific eQTL-ELSs over the total amount of eQTL-ELSs per cluster. Significant dif-
ferences were observed between common and tissue-specific annotated eQTL-ELSs (x’test P-value < 0.05), showing that common annotated ELSs are
highly associated with intergenic regions. (D) Proportion of Hi-C-ELSs with respect to the total amount of ELSs in each cluster. (E) Number of intergenic
and intronic cluster-specific ELSs overlapping Hi-C-based detected fragments in the analyzed Hi-C tissue samples. Common ELSs were annotated with a
composition of tissue-specific significant Hi-C fragments (see Methods). Colored cells represent the proportion of Hi-C-ELSs over the total amount of tissue-
specific Hi-C-ELSs per cluster. Significant differences were observed between common and noncommon annotated Hi-C-ELS (x? test P-value <0.05).

tissue, whereas common Hi-C-ELSs are enriched in intergenic re- intronic ELSs regulate genes controlling tissue-specific functions,
gions (Fig. 2E). The GO enrichment analysis reported an increase whereas intergenic ELSs are more devoted to tissue homeostatic
in relevant terms involved in tissue-specific functional roles as processes.

well. Of note, intronic Hi-C-ELSs show stronger enrichment in tis-
sue-specific terms (skeletal/cardiac muscle: I band and Z disc com-
ponents; brain: pre-/postsynaptic assembly and organization;
aorta: regulation of smooth muscle cell migration and prolifera-
tion), whereas we observed broader functionality from intergenic Next, we wanted to understand the relationship between tissue-

Intronic ELSs regulate the expression of hosting and non-hosting
genes

ELSs’ interactions (brain: choline catabolic process and copper specific intronic ELSs and their host genes. To do so, we analyzed
ion homeostasis, among others) (Supplemental Table 7). the expression patterns of genes targeted by Hi-C ELSs, as a proxy
Moreover, common Hi-C-ELSs appear to target genes that are for direct regulation. The proportion of intronic Hi-C-ELSs target-
enriched in housekeeping functions, such as cell adhesion and nu- ing their host genes is comparable among most groups of samples
cleosome organization (Supplemental Table 7). Overall, these re- and ranges between 45% and 65%, with the exception of muscle
sults on ELS-promoter interactions further support the fact that and blood, which show lower values (Fig. 3A). We compared the
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Www.genome.org


http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.270371.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.270371.120/-/DC1
http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 15, 2026 . Published by Cold Spring Harbor Laboratory Press

Intronic enhancers lead tissue-specific regulation

1001

751

m

blood
Intronic (non-Host) Intronic (Host)

% of Hi-C-ELSs

o

Intergenic

aorta
Intronic (non-Host) Intronic (Host)

Intergenic

brain
Intronic (non-Host) Intronic (Host)

NS

Intergenic

i
i

FI\I 1

Host non-Host
regulation of synaptic vesicle clustering: 107> ’7 \0.019 positive regulation of protein monoubiquitination
presynaptic active zone organization: 0.001 \ \0.028 protein import into mitochondrial matrix
positive regulation of synaptic vesicle clustering: 0.001 | Jo.012 microvillus assembly
regulation of protein tyrosine phosphatase activity-0.
regulation of Fc-gamma receptor pathway in phagocytosis. -(No GO terms)
regulation of B cell receptor signaling pathway- .
-ossification

substrate adhesion—-dependent cell spreading-
smooth muscle cell migration
regulation of smooth muscle cell migration:

negative regulation of Ras protein signal transduction
muscle fiber development-
cardiac myofibril assembly-

-cellular response to endogenous stimulus
-response to endogenous stimulus

-(No GO terms)

positive regulation of cell division: 0.029 \ \0.035 -mesenchymal cell proliferation
establishment or maintenance of cell polarity: 0.006 0.029 -mammary gland development
establishment of cell polarity- 0.017 0.048 -connective tissue development
vocalization behavior{ 0.008 |
regulation of vascular smooth muscle contraction: 0.009 | (No GO terms)
long-term synaptic depression: 0.035
0.027 regulation of translation, ncRNA-mediated
(No GO terms) 0.027 rnegative regulation of translation, ncRNA-mediated
0.027 miRNA mediated inhibition of translation
b 15 i 0’5 05 1 15 2
logs(Enrichment Ratio) logso(Enrichment Ratio)
lcommon|_[fibro/myoblastsiiblood[lilskeletal/cardiac muscle
iPSCs digestive aorta| |brain

Figure 3. Intronic enhancers regulate hosting and non-hosting genes. (A) Proportions of Hi-C-ELSs that target their host gene. These proportions were
calculated over the total amount of intronic Hi-C-ELSs within each cluster. (B) Z-score normalized median gene expression levels, across GTEx tissue cat-
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categories (columns). (C) Top three significantly enriched GO terms found in the genes targeted by host and non-host intronic Hi-C-ELSs. P-values

(FDR corrected) are shown for each enriched term.

expression patterns of Hi-C-ELSs’ target genes, considering the
type of ELS regulating them (intergenic; intronic host—i.e., an
ELS targeting its host gene; intronic non-host—i.e., an ELS target-
ing a gene that is not its host gene). Genes regulated by intronic
host ELSs exhibit expression patterns that better recapitulate tissue
identity (the relevant tissue clusters, in almost all the cases, sepa-
rately from the other groups), whereas hierarchical clustering of
genes regulated by intronic non-host ELSs does not efficiently dis-
criminate tissue-specific patterns (Fig. 3B; Supplemental Fig. 2B).

Genes regulated by intronic host ELSs are associated with tissue-
specific functions (Supplemental Table 8), in particular synaptic
vesicle clustering and active zone organization for brain (e.g.,
PCDH17), regulation of cell division and establishment of cell
polarity for fibroblasts (e.g., TGFB2), cardiac myofibril assembly
and muscle fiber development for skeletal/cardiac muscle
(e.g., MEF2A), and regulation of smooth muscle cell migration
for aorta (e.g.,, DOCKS). On the contrary, those genes targeted
by intronic non-host ELSs are involved in homeostatic functions
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not uniquely associated with the relevant tissue, suggesting that
they are not expressed in a tissue-specific manner but are never-
theless regulated by tissue-specific enhancers. For instance, brain
and aorta present significant terms related to protein monoubi-
quitination (e.g., PDCD6) and cellular response to endogenous
stimulus (e.g., TNC), respectively (Fig. 3C). Overall, this indicates
that the intronic location of regulatory elements cannot be asso-
ciated exclusively with the regulation of the host gene.
Furthermore, the identification of a large proportion of intronic
non-host ELSs suggests that the intronic location may be, in a
particular tissue, advantageous for the establishment and mainte-
nance of gene expression programs, including non-tissue-specific
events.

The enrichment of transcription factor binding sites in Ts ELSs is
independent of their genomic location

The activation of ELSs is a dynamic process depending on, among
other factors, 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 dis-
tribution of ELSs, that is, intronic versus intergenic, is associated
with a different transcription factor binding site (TFBS) signature
that could account for their tissue-specific activity. To this pur-
pose, we explored, with HOMER (Heinz et al. 2010), the enrich-
ment of TFBSs independently for intronic and intergenic ELSs.
Indeed, a distinct TFBS signature for each tissue in both intronic
and intergenic ELSs can be observed (Fig. 4A), supporting our pre-
vious results that Ts ELSs significantly contribute to the regulation
of tissue-specific functions. The number of enriched TFBSs in
intronic regions is higher in highly specialized tissues such as brain
and muscle and shows no overlap with TFBSs found in intergenic
ELSs. The opposite picture is observed in common ELSs, with high-
er enrichment of TFBSs in intergenic ELSs. An intermediate pattern
is observed for highly proliferative tissues such as iPSCs, fibro-
blasts, mucosa, and blood, in which the amount of enriched
TFBSs is similar between intronic and intergenic ELSs (Fig. 4A;
Supplemental Table 9). Among the TFBSs enriched in Ts intronic
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and intergenic ELSs, we found well-known TFs associated with tis-
sue-specific homeostatic events, such as RUNX2 in blood control-
ling adult endothelial hemogenesis (Lis et al. 2017) and SOX4 and
SOXS8 in brain controlling adult neural differentiation (Chen et al.
2015). POUSF1 (previously known as OCT4) is required for iPSCs.
Still, with the exception of those TFs associated with enriched
TFBSs in iPSCs, most other TFs are widely expressed across tissues
(Fig. 4B). This distinct iPSCs’ TF-ELS binding potential is supported
by previous data indicating that iPSCs share their epigenetic
signature with early developmental stages rather than with the
original tissue prior to reprogramming. Overall, the TFBSs’ enrich-
ment, rather than the TFs’ gene expression patterns, is the most
variable feature between intronic and intergenic ELSs and among
tissues.

Dynamic location of ELSs throughout embryonic development
and maturation

Throughout embryonic development, tissues mature to fully reach
their functional capacity in adulthood, giving rise to several tissue-
specific homeostatic features that vary among different tissues. For
instance, blood comprises a wide number of cell types character-
ized by heterogeneous functions and high turnover. On the oppo-
site side, we find highly specialized tissues such as muscle, that are
formed by fewer cell types, mainly dedicated to the same function
and with limited cell division capacity. During development, tis-
sues share features of basic homeostasis, proliferation, and plastic-
ity, but they are also already patterned to perform their adult
functions. Still, whether the regulatory features of a given adult tis-
sue are reminiscent of their developmental lineage remains largely
unknown. To answer this question, we assessed the activity and
the intronic location of the 991,173 cell type-agnostic ELSs across
27 embryonic samples (Fig. 5A; Supplemental Table 10). MDS
analysis highlighted three main groups of embryonic samples:
stem cells (ESCs), neural progenitors, and a larger group of more
differentiated cell types (Fig. 5B; Supplemental Table 10, Samples’
Group). The three groups of samples are associated with 3112, 784,
and 1166 specific ELSs, respectively (Supplemental Table 11).
Although the majority of these ELSs are active only within the
corresponding cluster, we reported that 26% of the neural progen-
itors-specific ELSs are also active in one ESCs sample (Supplemen-
tal Fig. 3A). On the contrary, we identified only 94 ELSs common
to all embryonic samples (Supplemental Table 11). The proportion
of specific intronic ELSs is higher for neural progenitors and dif-
ferentiated tissues, compared to ESC-specific and common ELSs
(Fig. 5C), but lower with respect to clusters of adult tissues such
as aorta, muscle, and brain (Fig. 2A). As in the case of adult sam-
ples, we observed a limited abundance of exonic ELSs (Fig. 5C; Sup-
plemental Tables 12, 13), whereas we could not find significant
associations between the frequency of group-specific intronic
ELSs and features of gene and intron length (Supplemental Fig.
3B). As for adult samples, most of these group-specific intronic
ELSs are located further than 5 kb from annotated TSSs (Supple-
mental Fig. 3C).

Next, we wanted to validate the dynamics of intronic versus
intergenic ELSs active throughout development, using brain devel-
opment as a paradigm (Supplemental Fig. 4A). To this purpose, we
identified active ELSs (ChIP-seq H3K27ac+/H3K4me3- peaks) in
human ESCs, and hESC-derived NPCs and neurons, and assessed
their degree of overlap with ENCODE ELSs. Active ELSs identified
by ChIP-seq in ESCs, NPCs, and neurons overlap with ENCODE
ELSs specific to ESCs (86%), embryonic neural progenitors

(40%), and adult brain (53%) samples, respectively. In particular,
the proportion of active intronic ELSs increases with the degree
of differentiation of the samples (55% in ESCs, 64% in NPCs,
and 68% in neurons) (Fig. 5D), validating the observed correlation
between active Ts ELSs and their intronic location. We observed a
high overlap (86% to 98%) between ENCODE common embryonic
ELSs and H3K27ac ChIP-seq peaks detected during the hESC-dif-
ferentiation, including known ELSs for housekeeping genes,
such as ACTB (Supplemental Fig. 4B). The expression of genes reg-
ulated by individual candidate ELSs (Supplemental Fig. 4C-E) is, in
most cases, consistent with the activity of the ELS, being active
either in a tissue-specific manner in ESCs or neurons, or in all
three differentiation stages (Supplemental Table 14). Although a
small fraction of common ELSs is marked by H3K4me3 in ESCs,
NPCs, and neurons (Supplemental Fig. 4B), the corresponding
H3K4me3 signal is comparatively lower than the H3K4me3 level
observed at promoter regions (Supplemental Fig. 4F). When ana-
lyzing the genes hosting developmental group-specific intronic
ELSs, we observed that they are enriched in functions consistent
with the corresponding adult tissue (Supplemental Table 15). For
instance, the ones hosting neural progenitors-specific ELSs are en-
riched in neural development-related terms, such as axonogenesis
and dendritic spine organization. On the contrary, genes hosting
developmental common ELSs are enriched in protein complexes
like nBAF and SWI/SNF, known developmental chromatin remod-
elers (Alver et al. 2017).

Lastly, in an attempt to define the amount of regulatory activ-
ity 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 are found active. As expected, where-
as ELSs specific to ESCs and neural progenitors are active in a lim-
ited set of adult samples, embryonic differentiated tissues report a
higher degree of shared regulatory activity with adult cell types
(Supplemental Fig. 5). Moreover, ELSs active in all embryonic sam-
ples (common) are also active in the majority of adult samples.
Overall, these results show that the genomic location of ELSs is dy-
namic throughout development and shifts toward an intronic lo-
calization during tissue maturation.

Discussion

In this study, we show the central role of intronic enhancer-like
signatures in the control of tissue-specific expression programs.
Since Heitz described in 1928 (Heitz 1928) euchromatin as tran-
scription-permissive 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 (Ernst and Kellis 2010; De Laat and
Duboule 2013; DeMare et al. 2013). Intergenic regions are often
regulatorily silenced, and this happens more frequently in adult
than embryonic tissues (Heinz et al. 2015). The ENCODE Project
reports that about half of the ELSs are intergenic, and 38% are
intronic (ENCODE SCREEN Portal: https://screen-v10.wenglab
.org/, section “About”). In our study, we describe an enrichment
of intronic ELSs in the most specialized tissues. These elements reg-
ulate genes involved in tissue-specific functions, suggesting an im-
portant role for the genomic location of ELSs. On the contrary, in
less specialized adult tissues and embryonic samples, ELSs are less
frequently found in intronic elements, suggesting that the matura-
tion and tissue commitment correlates with the ELSs’ distribution
across the whole genome. One could hypothesize that the
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enriched presence of intronic ELSs is advantageous for the control of open chromatin (Hilbert et al. 2021), a process that can be ad-
of the gene expression signature of a particular tissue, for instance, vantageous to the presence of intronic ELSs in actively transcribed
granting ELSs accessibility in open DNA regions (genes) and avoid- genes. Introns have long been observed as gene expression regula-
ing their leaky activity. In line with this, active transcription and tors through different mechanisms (Chorev and Carmel 2012;
nascent RNA have been recently associated with the maintenance Shaul 2017; Rose 2019). Specifically, introns’ regulatory potential
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has been associated with the regulation of the host gene’s expres-
sion in several different ways, often related to alternative splicing,
intron retention (Jacob and Smith 2017), non-sense mediated de-
cay (Lewis et al. 2003), and to the control of transcription initia-
tion via recruitment of RNA Polymerase II, likely as alternative
promoters (Bieberstein et al. 2012; Kowalczyk et al. 2012).
However, here we found that, in most tissues, about half of the
ELSs located in introns do not regulate the expression of the host
gene but of genes involved in important tissue homeostatic func-
tions, whose expression is not restricted to that particular tissue.
This is important regulatory information, because 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 re-
sults suggest that the genomic distribution of tissue-specific active
ELSs is not stochastic and mainly overlaps with intronic elements.
The opposite happens to active ELSs common to all tissues, which
are instead enriched in intergenic regions. These results suggest
thatintronic enhancers play a role in the regulation of gene expres-
sion in a tissue-specific manner.

Methods

The ENCODE registry of candidate cis-regulatory elements

The cell type-agnostic registry of human candidate cis-regulatory
elements available from the ENCODE portal corresponds to a
subset of 1,310,152 representative DNase I 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,
254,880 promoter-like signatures (PLSs), and 64,099 CTCF-only
signatures. In addition, cell type-specific catalogs are provided
for those cell types with available DNase and ChIP-seq ENCODE
data.

Selection of cCREs with enhancer-like signature across human
samples

We downloaded the set of 1,310,152 cell type-agnostic cCREs
for human assembly 19 (hg19) from the ENCODE SCREEN web-
page (https://screen-v10.wenglab.org/; file ID: ENCFF788S]JC).
From the ENCODE portal (www.encodeproject.org/matrix/?
type=Annotation&encyclopedia_version=ENCODE+v4&annotati
on_type=candidate+Cis-Regulatory+Elements&assembly=hg19),
we retrieved cell type-specific registries of cCREs for 43 adult
and 27 embryonic human samples with available DNase data
and ChIP-seq H3K4me3 and H3K27ac data. The ENCODE File
Identifiers for the adult and embryonic data sets are reported in
Supplemental Tables 1 and 8, respectively. No significant changes
are expected upon realignment to GRCh38, because main im-
provements with respect to hg19 have been made in the represen-
tation of so-called alternate haplotypes, with a small impact on the
definition of genic and intergenic regions (Church et al. 2015). 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 43 adult and 27 embryonic sam-
ples. A binary distance matrix between all pairs of adult samples
was used to perform multidimensional scaling in three dimen-
sions. This resulted in the selection of 33 adult samples, which
form nine tissue groups well supported by hierarchical clustering
(Fig. 1B,C) The same procedure was applied, independently, to

the embryonic samples. In this case, IMR-90, mesendoderm, meso-
dermal 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 introns was computed using BEDTools intersectBed
v2.27.1 (Quinlan and Hall 2010). The proportions of ELSs over-
lapping intronic segments (Figs. 2A, 5C) also include a limited
set of ELSs overlapping both intronic and exonic regions. On
the other hand, we defined as exonic ELSs those intersecting
exclusively exonic regions (Figs. 2A, 5C). The overlap of ELSs
with intergenic regions was obtained by intersecting the former
with the genes’ coordinates using the BEDTools intersectBed
option -v.

Tissue-specific and common ELSs

Tissue-specific ELSs are ELSs active (see Methods section
“Selection of cCREs with enhancer-like signature across human
samples”) in >80% of the samples within a given group of sam-
ples (blood=4/5; skeletal/cardiac muscle=3/4; smooth muscle=
3/4; brain=6/7; stem cells=5/6; neural progenitors=35/6; differ-
entiated tissues=8/10). Because of the small sample size, we re-
quired iPSCs-, fibro-/myoblasts-, digestive-, mucosa-, and aorta-
specific ELSs to be active in 100% of the samples (either 2/2 or
3/3). In addition, Ts ELSs are active in O (iPSCs, fibro-/myoblasts,
digestive, mucosa, and aorta) or at most one (all other groups)
outer sample (i.e., samples outside of the considered group).
Common adult and embryonic ELSs are ELSs active in 95% and
100% of the samples, respectively (i.e., 31/33 and 22/22). To
rule out indirect effects of ELS activity related to promoter re-
gions, we discarded common and Ts ELSs overlapping any anno-
tated transcription start site (TSS, £2 kb) in GENCODE v19. We
further computed, for every tissue-specific intronic ELS, the min-
imum distance from any annotated TSS (Supplemental Figs. 1C,
3C): most of these ELSs are located more than 5 kb from TSSs.
We also controlled our sets of Ts ELSs for the presence of poten-
tial alternative promoters, leveraging every adult and embryonic
sample with available H3K4me3 ChIP-seq experiments from
ENCODE (Supplemental Fig. 6; Supplemental Tables 16, 17).
More specifically, we computed the proportion of intronic and
intergenic Ts ELSs showing peaks of H3K4me3 (Supplemental
Fig. 6A,B). Overall, we did not observe differences in the propor-
tion of marked regions between intronic and intergenic ELSs. In
the case of marked ELSs, we compared, for both adult and em-
bryo samples, their aggregated H3K4me3 signal (expanding +5
kb from the center of the ELS) to the signal detected at marked
annotated TSSs (2 kb) (for some examples, see Supplemental
Figs. 6C,D, 7).

Assessing enhancer regulatory activity with GTEx eQTL-eGene
significant pairs

ELSs were annotated using the GTEx v7 (The GTEx Consortium
2017) significant variant-gene pairs from 46 different tissues
(number of samples with genotype >70), available on the GTEx
portal (www.gtexportal.org). Only single-tissue eQTL-eGene asso-
ciations with a qval <0.05 were used. Similar GTEx tissues were
grouped in unique categories in order to consider the most com-
plete catalog of eQTL-eGene pairs per group of samples. These cat-
egories were named as follows: fibroblasts (Skin Not Sun Exposed
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Suprapubic, Cells Transformed Fibroblasts), blood (Whole Blood,
Spleen), skeletal/cardiac muscle (Skeletal Muscle, Heart Atrial
Appendage, Heart Left Ventricle), brain subregions (all brain subre-
gions, Pituitary Gland, Nerve Tibial), Aorta (Artery Aorta), smooth
muscle (Artery Coronary, Artery Tibial), digestive (Liver, Pancreas,
Small Intestine Terminal Ileum, Stomach, Colon Sigmoid, Colon
Transverse, Esophagus Gastroesophageal Junction, Esophagus
Muscularis, Adipose Subcutaneous, Adipose Visceral Omentum),
mucosa (Esophagus Mucosa), gland (Adrenal Gland, Thyroid,
Minor Salivary Gland), breast (Breast Mammary Tissue), lung
(Lung), sexual tissues (Ovary, Prostate, Testis, Uterus, Vagina).
BEDTools (Quinlan and Hall 2010) was used to intersect the Ts
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 (muscle skeletal/cardiac,
muscle smooth, fibro-/myoblast, digestive, mucosa, brain, blood,
aorta). In the case of iPSCs-specific and common ELSs, we consid-
ered those eQTL-eGene pairs that were significantly reported in at
least 50% of all the tissues. The resulting intersected ELSs were con-
sidered 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).

Assessing enhancer regulatory activity with Hi-C-based significant
fragment pairs from loop contacts

ELSs were also annotated using significant Hi-C-based interacting
fragment pairs from three independent data sets (Mifsud et al.
2015; Jung et al. 2019; Lu et al. 2020). Different primary tissue
and cell line samples were used to annotate each of the Ts ELSs cat-
egories in our study, except for smooth muscle, for which no Hi-C
samples were found. As for the GTEx samples’ groups in the previ-
ous section, we grouped the Hi-C samples in unique categories in
order to consider the most complete catalog of Hi-C fragment pairs
per group of samples. These categories were named as follows: skel-
etal/cardiac muscle (Right ventricle [RV], Right heart atrium [RA3],
Psoas [PO3], left ventricle [LV]), fibro-/myoblasts (Fibroblast cells
[IMR-90]), brain (Hippocampus, dorsolateral prefrontal cortex,
cortex adult, Neuron), blood (GM12878 + GM19240 lymphoblas-
toid cell line, CD34, GM12878), iPSCs (iPSCs), aorta (Aorta), mu-
cosa (Sigmoid Colon), digestive (Pancreas, Gastric tissue). In
order to identify the significant ELS-gene pairs, BEDTools
(Quinlan and Hall 2010) was used to intersect the Hi-C fragment
coordinates with our ELSs associated with the different genomic
locations (intronic and intergenic). In those cases in which the
other fragment did not belong to any other ELS, we intersected
them with the GENCODE annotation (v19), inferring in this
way the target genes of these ELSs. As for the eQTL annotation,
only the Hi-C-based ELS-gene interactions associated with the
matching Hi-C-ELSs’ tissue category were kept (iPSC, skeletal/car-
diac muscle, fibro-/myoblast, digestive, brain, blood, aorta).
Mucosa- and smooth muscle-Ts ELSs were removed from the anal-
ysis due to the lack of intersection with significant fragment pairs
and Hi-C sample tissues, respectively. In the case of common ELSs,
we considered the ELS-gene pairs reported in at least 50% of all the
Hi-C tissue samples. After the annotation of our ELSs, we ended up
with a collection of enhancer-gene interactions where the target
gene was considered as being regulated by the interacting ELS. In
order to define the sets of intronic Host/non-Host ELSs in Figure
3A, we identified the ELSs’ target genes that are also the host
gene of that ELS. If a particular ELS presents among their target
genes also its own host gene, then that ELS was classified as
Host, if none of the target genes is hosting the ELS, then that ele-
ment was classified as non-Host. When considering the interac-

tions ELS-gene in Figure 3B and Supplemental Figure 2B, we
defined an interaction as Host if the target gene is hosting that
ELS; otherwise, if the same ELS is targeting a gene that is not host-
ing the element, that interaction is classified as non-Host. The tar-
get gene expression values were obtained from the GTEx
expression data (v7), and Z-score normalized across the different
GTEx tissue categories. The hierarchical clustering analyses of
the Host/non-Host target genes and GTEx tissue categories were
performed with the R function hclust. The functional enrichment
analyses on the ELSs’ target genes and Host/non-Host target genes
were performed with the online utility WebGestalt (Liao et al.
2019).

cis-regulatory elements and transcription factor binding sites

Transcription factor binding sites were predicted by using the mo-
tif discovery software HOMER (Heinz et al. 2010). This program
performs a differential motif discovery by taking two sets of geno-
mic regions (findMotifGenome.pl script) and identifying the mo-
tifs that are enriched in one set of sequences relative to a
background list of regions. We analyzed the Ts ELSs’ binding mo-
tifs 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 to focus on enriched core motif sequences and avoid redun-
dancy from longer motifs with similar functions. A hypergeomet-
ric test and FDR correction were applied for the motif enrichment.
Only significantly enriched motifs were considered in the sub-
sequent analyses. The functionality of the predicted TFBSs was
assessed by analyzing the tissue-specific expression of the tran-
scription factors that bind to them. GTEx expression data (v7)
were analyzed for those transcription factors whose TFBSs were re-
ported as significant by HOMER in all tissues and genomic loca-
tions. In the gene expression analysis, some transcription factors
were removed due to the lack of expression data. Z-score normali-
zation was performed across the different GTEX tissue categories in
all transcription factors.

ChlIP-seq data generation and processing

ChIP-seq was performed in hESC line H9 (WiCell), hESC-derived
neural progenitors (NPCs), and neurons. hESCs were maintained
in culture in mTESR (Stem Cell Technologies), and NPCs and neu-
rons were obtained upon cerebral organoid differentiation
(Lancaster and Knoblich 2014). Briefly, 9000 H9 hESCs were seed-
ed in a low attachment 96-well plate (Corning) with ROCK inhib-
itor in mTESR. After 6 d, neuroepithelium differentiation was
triggered using induction media for another 6-8 d, until the neuro-
epithelium was detectable, and subsequently transferred to the
neural expansion in Matrigel (Corning). Organoids were disaggre-
gated at day 30 postdifferentiation and maintained in neural
differentiation media (common N2B27) supplemented with 20
ng/mL of each EGF (Thermo Fisher Scientific PHG0315) and
FGF2 (Peprotech 100-18B) to obtain a 2D NPC monolayer. NPCs
were harvested after two passages. Neurons were terminally dif-
ferentiated in maturation media (N2B27) for three more weeks.
Cells were harvested with Cell Dissociation Solution (Stem Cell
Technologies) and kept at —80°C. DNA was crosslinked with for-
maldehyde for 10 min at room temperature. Fixation was stopped
by incubating with PBS/0.1% Triton X-100/0.125 M glycine for
5 min at room temperature, and chromatin was fragmented in a
Q-sonica sonicator (15 min constant sonication at 40% amplitude).
H3K27ac (Active Motif reference 39336) and H3K4me3 (Active
Motif 39916) antibodies were used for immunoprecipitation
following the protocol previously described (Pérez-Lluch et al.
2015). ChlP libraries were performed following Illumina procedures.
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Libraries were quantified by Qubit (Thermo Fisher Scientific) and
visualized in a fragment analyzer (Agilent) previous to sequencing.
Sequencing was performed in an Illumina NextSeq 500, single-end
run, following the instructions of the manufacturer.

Data were processed using the ChIP-nf (https://github.com/
guigolab/chip-nf) Nextflow (Di Tommaso et al. 2017) pipeline.
Input samples were downsampled to a number of reads compara-
ble to the ChIP samples with the tool seqtk (https://github.com/
1h3/seqtk). ChIP-seq reads were aligned to the human genome as-
sembly (GRCh37) using the GEM (Marco-Sola et al. 2012) map-
ping software, allowing up to two mismatches. Only alignments
for reads mapping to 10 or fewer loci were reported. Duplicated
reads were removed using Picard (http://broadinstitute.github.io/
picard/). Peak calling was performed using Zerone (Cuscé and
Filion 2016) with replicates handled internally. Pile-up signal
from bigWig files was obtained running MACS2 (Zhang et al.
2008) on individual replicates. No shifting model was built.
Instead, fragment length was defined for each experiment and
used to extend each read toward the 3’ end (using the --extsize op-
tion). Pile-up signal was normalized by scaling larger samples to
smaller samples (using the default for the --scale-to option) and ad-
justing signal per million reads (enabling the --SPMR option). To
calculate the proportion of ELSs described in Figure 5D, only active
candidate ELSs (H3K27ac+/H3K4me3-) overlapping ENCODE tis-
sue-specific ELSs in the matched ENCODE biosamples were con-
sidered (i.e., neuron ELSs overlapping ENCODE adult brain-
specific ELSs; NPCs ELSs overlapping ENCODE neural progeni-
tors-specific ELSs; ESCs ELSs overlapping ENCODE ESCs-specific
ELSs).

Gene expression analysis

To validate gene expression regulation, target genes regulated by
intronic or intergenic ELSs were selected based on the following
criteria (see also Supplemental Table 14): (1) controlled by a single
ENCODE ELS in adult samples, either brain-specific or common
(column “Tissue”); (2) showing H3K27ac*/H3K4me3~ peaks in
the relevant cell’s ChIP-seq validation (column “Peak ChIP-
seq”); and (3) not overlapping with exons.

RNA was obtained from hESCs, NPCs, and neuron pellets
used for ChIP-seq. Retrotranscription was performed using
SuperScript III retrotranscriptase. QPCR was performed in 10 ng
cDNA with the Roche SYBR Green Master Mix. Primers used for
qPCR are reported in Supplemental Table 14. Gene expression is re-
ported following the relative expression of the DDCt method.
GAPDH and ACTB were used as reference genes. ACTB gene expres-
sion showed more stability throughout the differentiation process
and, therefore, it was used as the reference gene for the analysis.

Statistical analyses and visualization

All statistical analyses and visualization plots were performed us-
ing the R language for statistical computation and graphics
(https://www.R-project.org/) (R Core Team 2017).

Data access

All raw and processed sequencing data generated from this study
have been submitted to ArrayExpress (https://www.ebi.ac.uk/
arrayexpress/) under accession number E-MTAB-10595.
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