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ABSTRACT

Many non-coding regulatory elements conserved in vertebrates regulate the expression
of genes involved in development and play an important role in the evolution of
morphology through the rewiring of developmental gene networks. Available
biological datasets allow the identification of non-coding regulatory elements with
high confidence; furthermore, chromatin conformation data can be used to confirm
enhancer-promoter interactions in specific tissue types and developmental stages. We
have devised an analysis pipeline that integrates datasets about gene expression,
enhancer activity, chromatin accessibility, epigenetic marks, and Hi-C contact
frequencies in various brain tissues and developmental stages, leading to the
identification of eight non-coding elements that might regulate the expression of three
genes with important roles in brain development in vertebrates. We have then
performed comparative sequence and microsynteny analyses in order to reconstruct
the evolutionary history of the regulatory landscape around these genes; we observe a
general pattern of ancient regulatory elements conserved across most vertebrate
lineages, together with younger elements that appear to be mammal and primate
innovations. This preprint has been reviewed and recommended by Peer Community
In Evolutionary Biology ( http://dx.doi.org/10.24072/pci.evolbiol.100035)

INTRODUCTION

Large-scale genomic projects (Andersson et al. 2014; Kundaje et al. 2015) have identified
thousands of regulatory regions in the human genome that behave as enhancers or silencers
of gene expression and are defined by specific epigenetic modifications, chromatin
accessibility and occupancy by transcription factors. Many of these regulatory elements are
highly conserved in the genomes of various animal groups and regulate the expression of
genes involved in developmental pathways. Several studies have shown that conserved
non-coding elements (CNEs) underwent an expansion in early vertebrate evolution,
particularly during the transition from Agnatha to Gnathostomata (McEwen et al. 2009).

Evolutionary changes in CNEs mirror macroevolutionary trends in morphology and
anatomy, as shown in a study by Lowe et al. in which they identified several million
conserved non-exonic enhancer elements and determined when such elements became
regulatory over the last 600 million years (My) and which genes they regulate (Lowe et al.
2011). Notably, they found that the most ancient set of CNEs (those that became active
between 600 and 300 My ago) regulate the activity of transcription factor and
developmental genes. This confirmed previous suggestions that extensive rewiring of
developmental networks took place at the time of diversification of animal body plans
(Vavouri and Lehner 2009; Pauls et al. 2015). In fact, the same basic set of regulatory
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genes controls development in different animal groups; therefore, different animal
morphologies can be explained by the re-deployment of the same genes in various
alternative regulatory circuits, leading to gene-regulatory networks of different topologies
(Erwin and Davidson 2009). In this regard, evolution of non-coding regulatory DNA is a
major contributor to the evolution of form (Carroll 2005).

The role of CNEs in morphological evolution is also relevant in the context of the
evolution of the brain, particularly the neocortex (Rakic 2009; Bae et al. 2015). In a
landmark study, Pennacchio et al. (Pennacchio et al. 2006) characterized the in vivo
enhancer activity of a large group of non-coding elements that are conserved in human-
pufferfish or in human-mouse-rat; the majority of these elements directed gene expression
in various regions of the developing nervous system. Wenger et al. (Wenger et al. 2013)
used p300 ChIP-seq to identify several thousand enhancers active at embryonic day E14.5
in mouse dorsal cerebral wall. Reilly et al. (Reilly et al. 2015) have recently identified
thousands of regulatory elements involved in the formation of the neocortex during the
first weeks of embryonic development in the human lineage but not in macaque or mouse.
A remarkable effort by Boyd et al. (Boyd et al. 2015) showed that insertion in the mouse
genome of a human CNE regulating the expression of a neurodevelopmental gene led to a
12% increase in brain size in mice, whereas the chimpanzee homologous element did not.

Current understanding of the structure and function of regulatory elements within the 3D
organization of chromatin shows that promoters frequently make contact with distal
elements located tens or hundreds of kb away (McLean et al. 2010; Wenger et al. 2013;
Shlyueva et al. 2014; Smemo et al. 2014) if they are in the same topologically associating
domain (TAD) (Dekker and Mirny 2016; Dixon et al. 2016). In this work we have used
existing datasets providing genomic features typical of regulatory elements (chromatin
accessibility, epigenetic marks, binding of transcription factors) and merged them with
previously defined catalogues of brain-specific enhancer elements in mouse and human
(Pennacchio et al. 2006; Wenger et al. 2013; Andersson et al. 2014). Incorporating into our
analysis pipeline information about chromatin contacts in human developing brain (Won et
al. 2016) allowed us to make high-confidence predictions about enhancer-promoter
interaction and identify eight putative regulatory elements for three important
neurodevelopmental genes. Comparative analyses of these elements in vertebrate genomes
enabled us to reconstruct the evolutionary history of the regulatory landscape around these
genes.

RESULTS
1. Identification and characterization of candidate regulatory elements

We initially performed various intersections of four primary datasets (2,019 predefined
brain-specific FANTOMS enhancers; 6,340 mouse telencephalon p300 peaks; 1,339 Vista
enhancers; 36,857 ancient CNEESs) in order to find genomic regions with high probability
of behaving as deeply conserved brain-specific developmental regulatory elements. For the
most promising candidates passing these filters, we manually inspected TF binding data
and epigenomic marks to support their function as active enhancers in brain cells/tissues.

For every candidate regulatory element studied, the next crucial step was to predict which
of the genes in the vicinity was more likely to be regulated by the element. To this end, we
first obtained a comprehensive view of all protein-coding and non-coding genes annotated
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in the region generated by the GENCODE project and mapped to GRCh37/hg19 (UCSC
Genome Browser GENCODE Genes track, comprehensive set version 241ift37). We
looked at gene expression in GTEx and Brainspan, and then selected those genes with
preferential expression in brain. Next, we searched GTEx for eQTLs near candidate
regulatory elements in order to predict which genes might be regulated by variants in the
same region. We also searched for SNPs in the vicinity that had been previously associated
with brain-related phenotypes in GWAS studies. Finally, and most importantly, we
investigated the frequency of physical contacts between the candidate regulatory element
and the promoters of the genes in the region, using Hi-C data from human fetal brain and
comparing it to Hi-C data from other cells/tissues.

The result of this analysis pipeline was a list of candidate Brain-specific Regulatory
Elements (BREs) in humans, together with the gene(s) predicted to be regulated by each
element. We focused our analysis on BREs regulating protein coding genes 7TBR1, EMX2
and LMO4 because they code for transcription factors known to be involved in brain
development. Since enhancer-gene associations can be established with high confidence
thanks to Hi-C evidence, we will present the results organized around these three genes.
Table 1 shows a summary of the regulatory elements identified in this study.

Table 1. Brain-specific regulatory elements (BREs) identified and analysed in this
work. For every BRE, it shows GRCh37/hg19 coordinates, and the HGNC name and
the coordinates of the genes regulated by them (coordinates of the longest genomic-
spanning variant in GENCODE v241ift37, comprehensive set).

el BRE coordinates (GRCh37/hg19) i

clement ID — Gene coordinates (GRCh37/hg19)

BRE1 chr2:162,095,064-162,095,312 TBRI chr2:162,272,605-162,282,381

BRE2 chr10:119,293,007-119,295,403 | EMX2

BRE3 chr10:119,310,654-119,312,169 | EMX2
chr10:119,301,955-119,309,056

BRE4 chr10:119,432,340-119,433,475 | EMX2

BRE5 | chrl0:119,786,696-119,790,021 | EMX2

BRE6 chr1:87,600,259-87,603,242 LMO4
BRE7 chr1:87,821,614-87,822,820 LMO4 chr1:87,794,151-87,814,606
BRES chr1:88,758,718-88,759,914 LMO4

2. TBR1 (ENSG00000136535)

The first regulatory element identified (BRE1) is a 248 nt fragment located 2.4 kb from the
3’-end of the longest TANK (Homo sapiens TRAF family member-associated NFKB
activator) variant (Figure 1). It is embedded in a region with Roadmap epigenetic marks
typical of active Transcription Start Site (TSS, red) and binding of several TFs including
RNApol2. However, there is no promoter overlapping this region or anywhere nearby: the
closest promoters belong to ncRNA AC009299.3 (LINC01806) located 6 kb downstream
and to ncRNA 4C009299.3 located 7.6 kb downstream. None of these two genes is
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expressed in brain: according to GTEx, 4C009299.3 is expressed almost exclusively in
thyroid, and 4C009299.2 only shows expression in testis.
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Figure 1. Genomic landscape of BRE1 (located within the area highlighted in light
blue). UCSC tracks (from top to bottom): p300 peaks in mouse telencephalon
(green), FANTOMS predefined brain-specific enhancers (red), conserved non-exonic
enhancers (brown), ultraconserved elements (red), Vista enhancers (black), GWAS
SNPs (green), Comprehensive GENCODE annotations, GWAS SNPs (green), DHS
from ENCODE, DHS from Roadmap, ChromHMM predictions from Roadmap, and
Transcription Factor ChIP-seq from ENCODE. These tracks can be viewed at this
UCSC Genome browser session: http://genome.ucsc.edu/cgi-

bin/hgTracks?hgS doOtherUser=submit&hgS otherUserName=fnovo&hgS otherU
serSessionName=BRE1

The epigenetic marks flanking the element are typical of active enhancer (yellow in
chromHMM tracks). These marks are present both in brain and non-brain tissues from
Roadmap (see methods for tissues included), suggesting that this element can regulate
target genes in different tissues. Notably, BRE1 overlaps one p300 peak, one FANTOMS5
predefined brain-specific enhancer, and one Vista element (element 416) that is very active
in the forebrain of E11.5 mouse embryos. All these lines of evidence support a clear role
for BREI as a regulatory element active in developing brain.

In order to predict which of the neighbouring genes are regulated by this element in brain
tissues, we looked at virtual 4C profiles derived from Hi-C studies. Although BRE1 is 2.4
kb from the 3’-end of TANK, we found no contacts between this element and the promoter
of TANK in fetal brain samples from the cortical plate and germinal zone (Figure 2). In fact,
the two main peaks of contacts with BRE1 in these tissues encompass the promoters of
ncRNAs AC009299.3 and AC009299.2 (proximal peak, Figure 2) and the promoter of
TBRI (177 kb downstream, distal peak to the right in Figure 2). In GM12878 and IMR90
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cell lines (which are not of neural origin) these contacts are absent (not shown). These
findings suggest that BRE1 might function as a regulatory element responsible for the
expression of ncRNAs 4C009299.3 and AC009299.2 in non-brain tissues and of 7TBR! in
developing brain. Of note, TBR1 is clearly involved in neurodevelopmental processes: it
shows brain-specific expression in cortex according to GTEx and in neocortex during early
brain development according to Brainspan. It has been previously shown that it is
expressed in the pallium during brain development in vertebrates from zebrafish to mouse
(Rakic 2009; Wenger et al. 2013). To gain further insights into 7BR/ regulation in brain,
we explored which regions make contact with its promoter using Hi-C data and confirmed
our initial findings: although no distal regions contact this promoter in GM 12878 and
IMRO9O0 cells, contacts with BRE1 are high in fetal brain tissues (Supplementary Figure S1).
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