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Abstract

Alterations in genomic proximity of a gene and its regulatory elements can impact transcriptional
state of the gene. Through genome-wide analysis of Conserved Noncoding Elements (CNEs) and their
cognate genes from representative mammals, we show that the genes syntenic to their adjacent
CNEs were associated with developmentally essential functions while the ones that had lost synteny
independently in one of the non-human lineage were associated with fetal, but not post-natal, brain
development in human. Accordingly, associated CNEs exhibited specific enhancer activity in fetal
brain and contained SNPs associated with brain disorders. Relatively greater representation of DNA-
breakpoints of germ-line origin between CNE and the gene signified the underlying developmental
tolerance of CNE-gene split during loss of synteny. While between closely related species, like rat
and mouse, linear split of CNE-gene synteny was compensated by their spatial proximity to maintain
gene-expression, the gain and loss of genes’ proximity to CNEs between distant species strikingly
correlated with the gain and loss of tissue-specific fetal gene-expression as exemplified through
developing brain and heart in human and mouse. These observations highlight the nontrivial
contribution of position-effect in the evolution of gene-expression pattern during development and

have implications in evolutionary gain and loss of lineage-specific traits.
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Introduction

It has been estimated that around 4-8% of the human genome is evolutionary constrained, of which
coding elements contribute about 1.5% and rest is non-coding DNA (1-3). Through the observations
from massive data produced by ENCODE and Epigenome roadmap projects, it has been shown that
most of the evolutionary constrained non-coding DNA serve as protein binding sites and not as non-
coding RNA (4,5). Protein coding genes are interwoven to these binding sites in a complex manner.
Several lines of evidence converge to non-trivial regulatory impact of non-coding DNA proximal or
distal to a target gene. The deletions or the malfunctioning of some of the distal regulatory elements
have often shown observable phenotypes. Deletion of a non-coding region between sclerostin
(SOST) gene, a negative regulator of bone formation, and MEOX1 impacts the expression of SOST
and is strongly associated with Van Buchmen disease characterized by progressive overgrowth of
bones (6). Similarly, deletion of a 10kb non-coding region downstream to stature homeobox (SHOX)
gene is associated with Leri Weill dyschondrosteosis syndrome, a skeletal dysplasias condition (7).
Mutations in regulatory elements downstream to PAX6 gene are associated with Aniridia, a
congenital eye malformation (3’ deletions cause aniridia by preventing PAX6 gene expression).
Genetic errors in locus control region (LCR) at alpha and beta globin loci strongly associate with
alpha/beta-thalassemia (8,9). Maternal deletion of Igf2/H19 ICR disrupts the Igf2 imprinting leading
to bi-allelic expression of Igf2, which is strongly associated with Beckwith Weidman syndrome (10).
Loss of a conserved regulatory element of androgen receptor is strongly associated with
evolutionary loss of penile spines and sensory vibrissae in human (11). The non-coding elements
identified in these examples showed strong conservation when subjected to multi-species sequence

alignments and most of the elements exhibited strong enhancer activity in in-vivo reporter assays.

Around 200,000 human-anchored Conserved Non-coding Elements (CNEs) have been identified in
mammals, which are likely to exhibit gene regulatory potential, as measured through enhancer-
associated chromatin marks (12-14). However, establishing causal relationship between CNE and the
phenotype remains a daunting task. Although genome wide association studies (GWAS) have
uncovered a whole repertoire of non-coding variants with phenotypic associations (15), it is difficult
to identify the causal variants. More recently, pooled CRISPR-Cas technique has been implemented
to alter the non-coding elements to assess their function more precisely (16). However the scope of
these studies remains limited to a rather small number of candidate sites. Attempts have been made
to link evolutionary loss or divergence of CNEs to lineage specific traits, like auditory system in echo-
locating mammals and adaptively morphed pectoral flippers in marine mammals(17,18). While the

loss and sequence divergence of CNEs has been subjected to thorough genome-wide analysis, the
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CNE-to-gene synteny and lack thereof has not been studied in this context. Through comprehensive
human-mouse comparison, it has been inferred that the CNEs generally regulate the nearest gene in
linear proximity (14). Could there be phenotypic consequences if the proximity between CNE and its
cognate gene is lost or gained in the evolution? In this study, we attempted to address the above
question through comprehensive analysis of chromosomal position data of CNEs and genes across
mammalian lineages. The study shows striking differences in functional associations of syntenic and
non-syntenic CNE-gene pairs and highlights the significant contribution of loss and gain of CNE-gene

proximity in the evolutionary divergence of developmental trajectories among mammals.

Materials and Methods

Compilation of chromosomal position data

Human (hgl19), rat (rn5), rabbit (oryCun2), dog (camFam3), horse (equCab2), cow (bosTau6) and pig
(susScr3) genome assemblies were used in the analysis. A total of 266115 Conserved Non-coding
Elements (CNEs) were taken from Marcovitz et al (Marcovitz et al.2016), which in turn were
obtained by curating mammalian CNEs anchored to the human genome (hgl19). The CNE set was
rigorously filtered for coding regions as per UCSC knownGene, Ensembl, Mammalian Gene
Collection, Refseq, Exoniphy, VEGA, Yale Pseudogene Database, miRNA registry, snoRNA-LBME-db
by the authors(18). Minimum length of CNE was set to 50 and all the CNEs within 20bp were merged
to get the longer ones(18). We obtained the orthologue positions of human CNEs in query species

using standard approach of mapping through LiftOver (https://genome-store.ucsc.edu/) chains at

0.95 mapping coverage(18). Finally, we compiled 114219 CNEs that were having orthologous
positions in all the species. Next, the list of nearest genes that were within 100kb to the CNEs was
obtained for human and corresponding orthologues in other mammals were obtained from Ensembl
database. If there were multiple orthologues for the same gene, we took the nearest gene to the
CNE on the same chromosome to ensure that a syntenic pair should not have classified as non-
syntenic because of mapping errors. The CNE-gene pairs were considered as syntenic if they resided
within the proximity (<100 kb in all 7 species) and non-syntenic when they are separated by more
than 2Mb from each other or are located on different chromosomes in one of the mammalian
species and remain proximal (< 1Mb) in rest of the 6 species and within 100kb in at least in two of
the species. The distance cut-off of >2mb in one species and <1Mb in rest of the species assures
reasonable linear separation of CNE and the gene independently in one of the species, while the cut-
off of <100kb for atleast two of the other species assures that in some, if not all the rest, species CNE
and the cognate gene remained syntenic. Further to avoid the erroneous orthologue mapping, we

cross-checked the non-syntenic CNE-gene pairs manually through UCSC browser
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(https://genome.ucsc.edu/), BLAT (https://genome.ucsc.edu/cgi-bin/hgBlat) searches and OMA

database (http://omabrowser.org/}. We removed the instances that exhibited discrepancies. This led

to 21786 syntenic and 1036 non-syntenic CNE-gene pairs with 4454 and 265 unique genes
respectively. Further, to nullify any bias due distinct representation of intronic CNEs in synentic and
non-syntenic sets, we only focussed on inter-genic CNEs and the associated genes. The final set
contained 9026 syntenic and 701 non-syntenic CNEs associated with 2349 and 184 unique genes
respectively. A flow-chart illustrating the overall strategy is given in figure S13. All the data are

available in supplementary data file.

Analysis of genomic attributes

Human genome sequence (hg19) was downloaded from UCSC and GC percentage was calculated +/-
50Kb around syntenic and non-syntenic CNEs. Average values of % GC in 2kb bins were used for the
analysis. Chromosomal coordinates of repeat elements were downloaded from UCSC table browser
for human assembly hgl9. Repeat elements were mapped +/- 50kb around syntenic and non-
syntenic CNEs and average value of enrichment in 2kb bins were plotted. For conservation analysis

PhyloP scores of placental mammals (http://ccg.vital-it.ch/mga/hg19/phylop/phylop.html) were

mapped +/- 5kb to CNE.

Functional enrichment analysis

Functional enrichment analysis was done using GREAT
(http://bejerano.stanford.edu/great/public/html/), MamPHEA
(http://evol.nhri.org.tw/phenome/index.jsp?platform=mmus) and Enrichr

(http://amp.pharm.mssm.edu/Enrichr/} servers. GREAT analysis was done independently for one

nearest gene within 100kb, two nearest genes within 100kb either side and for the syntenic vs. non-
syntenic comparison by taking syntenic CNE coordinates as background and non-syntenic CNE
coordinates as foreground. For MamPHEA and Enrichr analysis, list of the nearest genes within
100kb to CNE was considered. Tissue specificity analysis was done using TSEA

(http://genetics.wustl.edu/jdlab/tsea/), CSEA (http://genetics.wustl.edu/jdlab/csea-tool-2/) and

Bgee (http://bgee.org/?page=top anat#/) tools. The tissue specificity index (pSl) score of a gene i in

a tissue 1, over the given tissues j=1,2,...mwas calculated as per Dougherty et al (19) using following

equation:

R (rnrrkk.(%))

m-—1

5l =
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Where x;; is the expression level of gene i in tissue 1 and x;; is the expression level of gene i in tissue
j. A stringent pSI cut-off of 0.0001 was taken for the anaysis. For syntenic gene set, we randomly
sampled 184 genes (the size of non-syntenic gene set) from 2239 syntenic genes 100 times and
plotted the mean and the standard error of the significance (-log10 of corrected p-value) of overlap
between the candidate gene-sets and the tissues specific genes in the genome. The random sample
of syntenic genes that exhibited most significant overlap with the brain specific genes was taken for

the expression specificity analysis among brain tissues across developmental stages.

Normalized gene expression data for developing brain, heart and lung of human, mouse and rat
were taken from BRAINSPAN (mixed brain tissues,

http://www.brainspan.org/static/download.html), GSE21278 (hypothalamus), GSE71148(mixed

left/right ventricles and atria), GSE51483 (mixed whole/left/right heart ventricles), GSE43767 (whole
lung), GSE74243 (whole lung) and Stead et al (mixed brain tissues) respectively. For inter-species
comparison of expression levels, the gene expression data from both the species were compiled into
one table and quantile normalized to acquire the comparable distributions. Such strategy has been

implemented earlier by others too (20).

Enhancer analysis
Datasets for H3K4mel methylation for pre-natal and post-natal/adult human tissues were obtained

from Epigenome Roadmap (http://www.roadmapepigenomics.org/data/) with following accession

IDs and ages: fetal brain (E081; 17GW), adult brain (E067, E068, E069, EQ71, E072, EQ73, EQ74;
pooled 73Yr/81Yr), fetal muscle (E090; 15GW), post-natal muscle (E100; pooled 3Yr/34Yr) and fetal
thymus (E093; 15GW), post-natal thymus (E112; 3Yr). Fold-change over input DNA was used for
aggregation plots. WashU epigenome browser was used for visualization. DNase-seq data for
pre/post-natal tissues of human and mouse were downloaded from Epigenome Roadmap and

ENCODE (https://www.encodeproject.org/matrix/?type=Experiment) with following accession IDs:

human fetal brain (E081), human fetal heart (average of ENCSR366EGE & ENCSR911LTI), mouse fetal
brain (ENCSROO0COE) and mouse 0-day post-natal heart (ENCSROO5WPU). CNE-to-neighborhood
fold-change was calculated by averaging DNase-Seq signal 500bp +/- to CNE center and dividing it by
average value in the neighbourhood (500-1500bp from CNE center). Data for in-vivo enhancer

activity was obtained from VISTA enhancer database (https://enhancer.lbl.gov/). CNE coordinates

were mapped onto the coordinates of total 2658 VISTA enhancers. Syntenic and non-syntenic CNEs

exhibiting activity in different embryonic tissues were counted and compared statistically using
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Fisher's exact test. Discriminant motif analysis was performed through MEME-suite package

(http://meme-suite.org/) using JASPAR matrices for vertebrate genomes.

Mapping of proxy GWAS SNPs
Total of 251835 GWAS SNPs were obtained from GWASdb (http://jjwanglab.org/gwasdb). From this

data, 71990 brain related SNPs were obtained by analyzing the HPO terms associated with brain
associated phenotypes. Only 3 of the brain associated GWAS SNPs were mapped to non-syntenic
CNEs. We therefore obtained the 600607 nearby SNPs (proxy) that were in linkage disequilibrium to
GWAS SNPs based on 1000 genome data using SNAP

algorithm(https://personal.broadinstitute.org/plin/snap/index.php), in addition to GWAS SNPs.

Analysis of Hi-C data
Coordinates of TAD domains in 22 distinct human cell-types were obtained from Schmitt et al(21).
TAD coordinates for human fetal brain cortex were taken from Won et al(22). SRA files for Hi-C data
of mouse brain cortex were downloaded from GEO accession (GSE34587). SRA files were converted
into fastq files using fastq-dump (SRA Toolkit) with parameter “split-files” for separating paired reads
into separate files. They were mapped onto mouse indexed reference genome (mm10)} using
bowtie2 with parameter “sensitive” for mapping. Paired reads were mapped separately and then
joined together to get the Hi-C interaction pairs. The reads were binned into 250kb bins to get the
chromatin interaction frequency. Density plot of Interaction frequency (log scale) was evaluated to
define a rational cut-off of read-count 16 per 250 Kb bin to obtain total 143292 significant inter-
chromosomal interactions (Figure S14). For significance analysis, we generated random null
distribution by randomly sampling the same number of bin pairs as the original set while preserving
the chromosomal distribution (i.e., CNE bin and cognate gene bin were taken from respective
chromosomes) same as the original set. P- value was calculated using following equation:

1 P
p= 5(1 + @, ,,;.,)

B=L

Where B = number of re-sampling iterations (1000)

£y = Number of resampled pairs exhibiting significant trans interactions.

% = Number of observed pairs exhibiting significant trans interactions.

DNA breakpoint data
Cancer associated DNA breakpoint data from 64 cancer genomes spanning over 7 different tumor

types was downloaded from Malhotra, A. et al. (Malhotra, A. et al. 2013). We got 21389 germline
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breakpoints and 5297 somatic breakpoints. These breakpoints were then mapped onto inter-spacer
regions between CNE and the nearest gene-TSS. Fisher’'s exact test was used to check the statistical
significance. Total 2061 evolutionary DNA break-points for rodents were taken from Bourque etal
(2004 & 2006), Larkin etal and Lemaitre etal et al (23-26). These breakpoints were mapped to the
inter-spacer regions between non-syntenic CNEs and the nearest gene-TSSs within 100kb in the

human genome.

Availability of data. All datasets presented in this article are available in supplementary data file.

Results

Conservation of genomic proximity between CNE and the nearest gene

Using chromosomal position data of CNEs and genes from representative primate (human), rodent
(rat), lagomorph (rabbit), carnivore (dog), perrisodactyl (horse) and artiodactyls (cow and pig), we
obtained 9026 ‘syntenic’ CNE-gene pairs, wherein the inter-genic CNE and the nearest gene-TSS
were <100kb distance apart in all 7 species. There were 701 ‘non-syntenic’ CNE-gene pairs, wherein
the inter-genic CNE and the gene-TSS were >2Mb apart or were on different chromosomes
independently in one of the non-human species (Materials and Methods). There were 2349 and 184
unique genes associated with syntenic and non-syntenic CNEs respectively (Figure 1a-c). Relatively
large number of syntenic CNE-gene pairs (92.7%) highlighted the widespread conservation of linear
proximity between CNE and its cognate gene (Figure 1b). We also confirmed that the CNE and the
nearest gene in our final dataset were preferably (96.2%) located within the same topologically
associated domain (TAD) in 22 human cell-types, suggesting that the arbitrary distant cut-off of
100kb was largely coherent with topology based compartmentalization of genome (Figure 1d, Table
S1). To test if the CNEs in syntenic and non-syntenic sets were comparable, we assessed their
lengths and degree of conservation in mammalian genomes. Figures le-f show insignificant
differences in the length and the degree of sequence conservation of syntenic and non-syntenic
CNEs, suggesting that the length and the sequence of non-syntenic CNEs had not diverged among
mammals as compared to that of syntenic CNEs. Further, we overlaid several human genomic
attributes on to syntenic and non-syntenic CNEs and observed that the syntenic CNEs were located
in the regions of higher overall GC and SINE content as compared to non-syntenic CNEs in human
genome (p-values: 7e-18 & le-17 respectively, Figure 1g), while non-syntenic CNEs were located
primarily in regions enriched with LTRs, LINEs, satellite, simple repeat, DNA transposons and low
complexity repeats (p-value=0.0005 to le-15, Figure 1g). These striking differences clearly suggested

two things: 1) the syntenic CNEs were enriched in the region of open chromatin, as signified through
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greater enrichment of GC and SINE content, and might have more wide-spread role across different
cell-lineages as compared with the non-syntenic CNEs; 2) abundance of different kind of repeat
elements around non-syntenic CNEs mark the susceptibility of the underlying loci for the genomic
rearrangements through mechanisms like non-allelic homologous recombination (NAHR), which

might explain the non-syntenic nature of these CNEs.

Functional and phenotypic attributes of genes that were syntenic and non-syntenic to their CNEs

Significant differences in the genomic attributes around syntenic and non-syntenic CNEs hinted at
their distinct functional roles. To assess their functions, we first retrieved the lists of unique genes
nearest (<100kb) to each kind of CNE. These syntenic and non-syntenic gene-lists were then
subjected to Mammalian Phenotype Ontology (MPO), Gene Ontology (GO) and pathway enrichment
analysis (Material and Methods). As shown in the figure 2a, the analysis of MPO terms revealed
enrichment of lethality and mortality related terms in syntenic set (p-value=0.0), while nervous
system and craniofacial development related terms were enriched in non-syntenic set (p-value=1e-
38 to 3e-57). We also confirmed these observations by comparing non-syntenic gene list to syntenic
gene list while taking the latter as background dataset (p-value=1e-09 to 3e-24 , Figure 2b). Further,
the syntenic genes were enriched with development related GO terms in general (p-value=0.0),
while non-syntenic genes were enriched with nervous system related GO terms (p-value= 8e-14 to
le-57, Figure Sla). GO term ‘limb morphogeneis’ also appeared among the top-10 functions,
however the genes associated to this term were rather fewer as compared to the ones related to
nervous system development (6% vs. 33% among top-10). Among pathways, evolutionarily
conserved developmental pathways like Wnt, Integrin, TGF-8, Notch etc. and the growth pathways
like IGF, FGF and PDGF were enriched in the syntenic gene-set (p-value=3e-25 to 1e-184, Figure
S1b), while brain related pathways like axon guidance, glutamate receptor, acetylcholine receptor
etc were enriched in non-syntenic gene-set (p-value=3e-03 to 3e-06, Figure S1b). These observations
highlighted the developmentally ‘ubiquitous’ nature of syntenic genes and ‘brain/craniofacial’
association of non-syntenic genes. This conclusion was also supported by comparatively lower
sequence divergence of proteins in syntenic set as compared to non-syntenic set (p-value= 1e-02,
Figure 2c). Our observations were robust against the presumption that CNEs regulate the nearest
proximal gene. We obtained the two proximal genes on either side of the CNE and subjected to
functional analysis. The analysis confirmed the brain/craniofacial association of non-syntenic genes

(p-value = 1e-24 to 9e-45, Figures S2a-b).
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We further followed the above observations through tissue-specific gene expression analysis. The
syntenic set had widespread representation of genes expressed in different cell-lineages and
therefore does not exhibit significant tissue specificity, while genes in non-syntenic set were
specifically expressed in brain (p-value<0.01, Figures 2d-e). Marginal significance was observed for
testes-specific expression of non-syntenic genes, which is likely due to known breadth of expression
divergence of testes-specific genes among mammals aligning to the speciation through sexual
conflict and sperm competition(27,28). The brain specific expression of genes in non-syntenic set
was also confirmed through enrichment analysis of anatomical terms from bgee database (p-
value=3e-07 to 3e-153, Figure S3). Within brain, the genes in non-syntenic set were expressed in
most brain tissues (p-value<0.05, Figures 2f-g). However, with respect to developmental time, the
genes in non-syntenic set were specifically expressed during pre-natal development. In contrast, the
genes in syntenic set did not exhibit any specificity for brain tissues and developmental stages
(Figures 2f-g). Overall, these observations highlight pre-natal brain specific roles of genes that were

non-syntenic to their proximal CNEs in non-primate species.

Distinct enhancer activities of syntenic and non-syntenic CNEs

To test whether the differences between syntenic and non-syntenic sets observed through
functional analysis of genes, were coherent with the associated CNEs, we first tested the regulatory
potential of CNEs through histone modification associated with enhancers, namely Histone-3-Lysine-
4-mono-methylation (H3K4mel). We chose this mark because of the availability of genome-wide
data for all the cell-lineages we were interested in. We observed that the: 1) CNEs in syntenic set
exhibited consistent H3K4mel enrichment across several fetal and adult tissues like thymus
(endodermal), muscle (mesodermal) and brain (ectodermal) lineages (Figure 3a); 2) H3K4mel
enrichment over CNEs in non-syntenic set was specifically higher in fetal, but not in adult, brain only
(Figure 3a).These observations were largely coherent with our proposal that the loss of CNE-gene
synteny in the non-human lineage was associated with fetal brain development in human. Through
analysis of in-vitro differentiation, we observed that unlike syntenic CNEs that had significant
enrichment of H3K4me1 in embryonic stem cells and the derived cell-lineages, the non-sytenic CNEs
acquired H3K4mel enrichment specifically during differentiation of ES cells to neuronal progenitors
and subsequently to neurons, and exhibited significantly lower enrichment during mesodermal,
endodermal and trophoblast commitment, further strengthening their specific role in nervous

system development (Figure 3b).

10
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We validated the above observations through in-vivo enhancer assays. By mapping CNEs that were
syntenic in all the species and the ones that were syntenic in human and mouse, but were non-
syntenic in one of the other species, to VISTA enhancers, we showed that the non-syntenic CNEs had
in-vivo activity primarily in facial mesenchyme, forebrain and nose (p-value=8e-03, 1le-02 & 2e-02
resp.), while the syntenic CNEs did not exhibit significant specificity towards brain tissues (Figure 3c-
d). We have highlighted some of the cases in the figure 3b and figure S4. A non-syntenic CNE with
brain specific activity was proximal to FOXG1 gene, which is involved in brain development and is
strongly associated with severe intellectual disability, absent speech, autistic phenotypes, epilepsy
and Rett syndrome (29). SP9, a zinc finger transcription factor having essential role in embryonic
development of striatopallidal projection neurons (30) was accompanied by a non-syntenic CNE
specifically active in forebrain, hindbrain and neural tube. CNE proximal to GRIP1 gene, a gene
involved in synaptic targeting of AMPA receptor (31,32), was active in hindbrain and eye. Another
brain specific CNE was located near FOXP4, which along with FOXP1 and FOXP2 regulates early
neuronal development and is implicated in speech and language disorders (33,34). Similarly, CNE
near ALX4, a gene important for craniofacial development, exhibited activity in eye and trigeminal V
ganglion. Genetic errors at this locus are associated with Parietal Foramina, Frontonasal Dysplasia,
Craniosynostosis etc (35). On the other hand, developmentally essential genes such as WNT5A,
HHEX, LMO1, EMX2 etc (36-40) were syntenic to their cognate CNEs. These examples present visual

snap-shots of the observed functional differences between syntenic and non-syntenic CNEs.

By mapping the trait/disease associated SNPs from Genome Wide Associated Studies (GWAS) and
the nearby SNPs (proxy) in the linkage disequilibrium based on 1000 genome data, we observed
that 23 of the non-syntenic CNEs were having at-least one brain related SNP. This representation
was statistically significant when compared with that of syntenic set (p-value=1e-02, Figure 4a-b,
Table S2). We highlight three of the cases, where GWAS SNPs mapping to non-syntenic CNEs were
associated with amyotrophic lateral sclerosis (ALS), parent of origin language impairment and
alcohol dependence traits (Figure 4c). It was interesting to note that these CNEs exhibited greater
H3K4mel enrichment in fetal brain as compared to adult brain suggesting that these disorders might
have origin during fetal brain development. The genes proximal to these CNEs were GRIP1, MSX2
and NXPE2 respectively, which are known to be implicated in neurological disorders (41-43). These

observations present genetic evidence of brain specific roles of non-syntenic CNEs in human.

Through motif finding algorithm MEME, we further observed that the non-syntenic CNEs were

specifically enriched with binding sites of PAX3 and PAX7 transcription factors as compared to
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syntenic CNEs (p-value= 4e-04 & 5e-04, Figure 4d). Interestingly, these factors were also expressed,
but not restricted to, in brain tissues during fetal development, and not during post-natal
development in concordance to our other observations (Figures 4e-f). PAX3 and PAX7 have been
shown to be associated with neuronal development in vertebrates and implicate in several

brain/behaviour related disorders in human (Figure S5).

We further illustrated the association of non-syntenic CNEs with the human fetal brain by plotting
epigenomic profiles of some example loci using browser snap-shots (Figure 5, S6). As shown in the
figure 4a, an upstream element to ADAM23 gene exhibited H3K4mel and DNase-Seq peaks only in
the fetal brain track and ADAM23 showed specific transcriptional activity in fetal brain as measured
through RNA-Seq. Shown CNE was -18748 bp upstream to ADAM23 gene start site in human
genome, but was distant by 2.4Mb in rat genome. The evolutionary expansion of distance between
TSS and CNE was correlated with the chromosomal inversion of the region that contained the gene,
but not the CNE. This rearrangement inverts the gene orientation in a manner that expands the
distance between the TSS and the CNE. Similarly, in figure 4b, we showed an example of trans split
of gene and the CNE. The CNE was located at -45287 bp upstream to POU3F2 gene in human, but
was on different chromosome in rat. Again, the CNE and the gene exhibited correlated activity that
was specific to fetal brain. We further compiled the quantile scaled gene expression data for human,
mouse and rat fetal cortex cells and normalized by expression of tubulin-B gene. Interestingly, in both
the examples that we cited, the orthologous genes exhibited higher expression level in fetal brain of
human and mouse, where CNE was proximal to gene. The expression was significantly lower in fetal

brain of rat, where CNEs and the genes were distant.

Therefore, our observations through epigenomic marks, in-situ enhancer assays and differential
motif enrichment analysis concomitantly established that the non-syntenic CNEs were specific to

pre-natal brain development in human.

Developmental tolerance and intolerance of CNE-gene split events

We have independently shown that the genes and CNEs in syntenic set had widespread role in
development, it remained to be tested whether the proximity between CNE and the gene in syntenic
set was important for the survival during development and hence not observed in any of the
mammals analysed. To test this, we hypothesized that if the proximity between CNE and the gene

was to be developmentally indispensable, then the DNA breakpoints of germ-line origin would be

12


https://doi.org/10.1101/127563
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/127563; this version posted April 14, 2017. The copyright holder for this preprint (which was not
certified by peer review) Is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC 4.0 International license.

underrepresented between CNE and the gene as compared to the scenario where the proximity
between CNE and gene is developmentally dispensable. On the contrary, DNA break-points of
somatic origin would not show any difference between two scenarios. Towards this, we obtained
cancer associated DNA breakpoints of germ-line and somatic origins, spanning over 7 different
tumour types. Figure 6 shows relative proportion of syntenic and non-syntenic CNE-gene pairs
having at-least one germ-line and somatic DNA breakpoint between gene-TSS and the CNE. We
observed significantly less representation of germ-line breakpoints in syntenic set as compared to
non-syntenic set (p-value=8e-18), while representation of somatic breakpoints showed insignificant
difference, aligning to our proposed hypothesis. These results highlight developmentally
indispensable role of chromosomal synteny between CNE and the gene in the syntenic set and
largely explains why loss of synteny for non-syntenic CNE-gene pairs survived in the evolution and

might have served as a substrate for phenotypic changes.

Positional dynamics of non-syntenic CNEs was correlated with the tissue-specific fetal gene
expression

An important question was whether or not loss of synteny between gene and CNE was associated
with the loss of expression. Indeed, the genes shown in the browser snap-shots in figure 4 were
specifically expressed in fetal brain of the species where CNE-gene synteny was maintained (human
and mouse in this case) as compared to the species where synteny was lost (rat in this case), hinting
that loss of CNE-gene synteny might correlate with loss of expression. To test this statistically, we
obtained the CNE-gene pairs that were syntenic in human but non-syntenic (on different
chromosomes) in mouse. Mouse was included in the comparison because of the availability of
epigenomic profiles of its fetal and adult tissues. As expected the gene-list was enriched with
nervous systems related MPO terms (43% of genes, p-value=4e-03, Figure 7a) and the associated
CNEs exhibited relatively greater DNase-seq signal in human fetal brain, as compared to that of
mouse (2.1 vs. 1.4 fold enrichment over neighbourhood, p=0.004, Figure 7b, Materials and
Methods). Through comparison of gene expression data for developing brain of human and mouse,
we observed the relative loss of foetus-specific gene expression in mouse as compared to that in
human, suggesting that the loss of synteny correlates with the loss of foetus specific gene expression
in developing brain (p-value=1e-93 & 0.4 for fetal specific expression in human and mouse brain

resp., Figure 7c).

To find out what role might non-syntenic CNEs be playing at their rearranged loci in mouse, we

focussed on the genes which gained proximity (<100kb) to non-syntenic CNEs in mouse. We
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observed that evolutionary rearrangement of CNEs and gene positions in mouse shifted the
proximity of CNEs from nervous system related genes in human to cardiovascular morphology
related genes (30% of genes, p-value 7e-03, Figure 7d) in mouse. Further, the DNase-Seq data of
fetal heart suggested greater activity of non-syntenic CNEs in mouse as compared to that in fetal
heart of human, which was contrasting to the pattern observed for fetal brain in the Figure 6b
(Figure 7e). We reconciled the observed functional shift by comparing gene expression data of
developing brain and heart in human and mouse. As shown in the figure 6f, the genes that gained
proximity to rearranged non-syntenic CNEs in mouse were primarily expressed in mouse fetal heart
(p-value=1e-08), but not in human heart (p-value=0.8), suggesting a correlation between gain of
linear proximity of CNEs to genes and the tissue specific fetal gene expression. As a control, we
obtained the gene expression data of developing lung in human and mouse. We did not observe any
foetus-specific expression in mouse lung (p-value=0.19, 0.07 resp. for human and mouse, Figure S7),
suggesting that the observed gain of foetus-specific expression was constrained to mouse fetal
heart. These observations largely explain why the CNE sequences were conserved despite the loss
of synteny to the proximal genes. While it is not clear why the CNEs that were proximal to brain
related genes in human were largely shifted to heart development related loci in mouse despite
striking similarities between human and mouse heart development, appearance of cardiac electrical
conductance related genes like RYR2, ATP1B1, and MYL4 in our data was noticeable. The
developmental regulation of genes related to electrical conductance is highly species-specific(44).
This observation also has physiological relevance of more efficient excitation/contraction coupling in
mouse(45). Our earlier observation that the binding sites of PAX3 and PAX7 transcription factors,
which exhibited expression in fetal brain, were enriched among non-syntenic CNEs is not incoherent
in the present context because PAX factors are also known to be implicated in fetal heart
development too(46-48). Indeed, we also observed the expression of PAX3 and PAX7 in fetal heart

development of mouse, though at distinct developmental stage than that in fetal brain (Figure S8).

It is noteworthy that the observations through human-mouse analysis in figures 6¢c-f might not
necessarily translate to comparisons between other mammals. We performed similar analysis for
CNE-gene pairs that were proximal in rat, but distant (on different chromosomes) in mouse. We first
confirmed that this gene-set also exhibited enrichment of nervous system related phenotypic terms
(45% of genes, p-value=3e-02, Figure S9). However, surprisingly, we did not observe any loss of gene
expression in fetal brain of mouse (p-value=1e-23, 1e-05 for rat and mouse resp., Figure 7g). The
expression levels of orthologous genes in fetal brain of rat and mouse showed good correlation

(Pearson’s p=0.64. Figure 7h) as compared to that of human and mouse, which exhibited expression
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bias towards human fetal brain (Pearson’s p=0.37, Figure 7h). We hypothesize that since rat and
mouse are evolutionarily closer than human and mouse, the overall three-dimensional organization
of their genomes might not have diverged radically as in the case of human and mouse. By
extrapolation, split CNE and the gene could still be communicating through spatial interactions. To
test this hypothesis, we obtained the chromosome conformation data for human and mouse brain
cortex, available in public domain. We first showed that the CNE and the gene in the human-mouse
comparison were mostly within the same TAD in human fetal brain cortex (93%, Figure 8a).
Corresponding CNE and the gene were located on different chromosomes in mouse and, therefore,
we assessed their spatial connectivity by analysing inter-chromosomal (trans) interactions in mouse
cortex genome. We did not observe significant proportion of CNE-gene pairs that exhibited trans
interaction (p-value=0.2, Figure 8b). In contrast to human-mouse comparison, significant proportion
of distant CNEs and the genes were spatially proximal in mouse in rat-mouse comparison (p-
value<0.001), highlighting that the spatial proximity might have compensated for the lack of linear
proximity between CNE and the gene (Figure 8c). These observations suggested that the observed
position effect needed sufficient evolutionary divergence of higher order three dimensional
organizations of genomes and might not be reflected in closely related species, like the species from

the same order.

To further test the phenotypic association of position effect, we performed an inverse analysis
wherein we focussed on the genes that were syntenic to their CNEs in rodents (mouse and rat), but
were distant in human genome. Phenotype enrichment analysis of this gene-set suggested
significant association with ear morphology, craniofacial morphology, cardiovascular and immune
systems (p-value=0.02 to 0.01, Figure S10). Association with ear morphology was interesting given
that the rodents have larger ears compared to body mass and have greater audible and frequency
discrimination thresholds than primates (49). The analysis also validates the association of
rearranged CNEs with heart related functions in rodents. Appearance of immune system related
phenotype was an important observation owing to significant divergence of immunity related genes

in rodents and primates (50).

Taken together, our analysis suggested a strong association between evolutionary dynamics of
chromosomal positions of gene regulatory elements and the gain or loss of gene expression, aligning
to the notion of ‘position effect’. Moreover, tissue and developmental stage specific position effect
observed in our analysis, highlights the possibility of its significant role in altering developmental

dynamics towards evolutionary gain or loss of lineage/clade specific traits.
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Discussion

It is not always the change in number and the sequence of proteins in the genome that leads to the
phenotype alternation in evolution, the dynamics of gene expression is equally relevant in the
context. One way the gene expression is altered is through position effect, i.e., relative chromosomal
position of the gene in the genome can alter its expression through regulatory elements and
chromatin states in the neighbourhood. Position effect was first discovered through the observation
that the chromosomal arrangement of duplicated copies of bar gene in bar-mutant flies had
influence on its expression and consequently causes the relative decrease in number of eye facets
(51,52). Similarly, white gene when localized near heterochromatin gives mottled eye phenotype
with red and white patches in drosophila eye (53). Despite its significance, the role of position effect
in evolution of traits has not been investigated at large scale. Through comprehensive genomic
analysis, we showed that the CNE-gene pairs that were syntenic in human but lost synteny in at-least
one of the other mammalian species were specifically associated with pre-natal brain development
in human, an observation that has several implications: 1) It is known that brain, as compared to
other tissues, exhibits least genome-wide expression divergence across mammalian species(54,55),
but within the space of our non-syntenic gene-set the expression divergence (particularly relative
loss of expression) was observable. This suggested that the least expression divergence observed for
brain might be due to cellular functions that are needed be precisely regulated to maintain
delicately shaped brain tissues of all the mammals in general, while the ones that exhibit divergence
would implicate in developmental functions specific to fetal brain. 2) The expression divergence of
brain expressed genes in human and mouse is known to be primarily limited to fetal development
and does not extend to post-natal stages(56,57). Coherently, our observations highlight the foetus
specific role of non-coding regulatory elements, which might contribute to the observed expression
divergence. 3) Several brain related diseases like Schizophrenia, Alzheimer and Autism are now
considered to have origin during pre-natal brain development (58-63). Our analysis suggests that
these disorders might also relate to genetic or epigenetic errors at noncoding regulatory elements
flanking some of the genes that are expressed during pre-natal development. Indeed majority of the

genes flanking non-syntenic CNEs were associated to some of these brain disorders (Figure S11).

Further, the evolutionary alteration in genomic proximity of genes and their regulatory elements
was strikingly correlated with the alteration in the transcriptional program during fetal development,
presenting evidence how the position effect would have impacted the evolution of lineage specific

phenotypes by modulating the developmental trajectories in early stages. It was interesting to note
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that the impact of such positional dynamics on transcription was observed when distant species like
human and mouse were compared. Comparison of closely related species like rat and mouse
suggested that the loss of linear proximity between CNE and the gene could have been compensated
through spatial interactions in the nucleus. Indeed, it is well established that genomically rearranged

loci remain spatially proximal in the evolution and in cancer genomes (64-67).

How would have been the relative positions of CNE and the cognate gene altered in the evolution? It
would be reasonable to assume that the long range genomic rearrangement might have played role
in repositioning of CNEs and genes. As shown in the figure 4a and S6, inversion of a large domain
containing a gene, but not the proximal CNE, could increase the distance between the CNE and the
promoter of the gene. The distance between CNE and the gene-promoter increased from ~20Kb in
human genome to >2Mb in rat genome in the given examples. Quantifying such instances suggest
that 25.8% of the cis alterations can partly be explained by inversion events. Similarly inter-
chromosomal translocation would separate the gene and CNE to two different chromosomes.
Mapping of evolutionary break-point data suggested 30.2 % of total human-rat inter-chromosomal
changes were accounted by translocations. It was difficult to obtain direct evidence for segmental
duplication followed by deletion or sequence divergence of one of the copies that might explain rest
of the cases. In fact, it has been proposed as one of the main mechanisms that alters the gene order
in the genome (68). We also argue that known evolutionary break-points among mammalian
genome do not represent the complete space of all the break-point happened in the evolution, and

therefore cannot be taken as entirety for this purpose.

It can be questioned that the structural variations that disrupt the CNE-gene synteny in evolution
might be as common as within species variation and the non-syntenic CNE-gene pairs might not have
any evolutionary significance. However, we argue that this might not be case because: 1) There was
non-random association of only certain kind of biological functions with non-syntenic CNE-gene
pairs, which strikingly coincided with the gain and loss of developmental stage specific
transcriptional program. 2) Cancer associated germ-line DNA breakpoints between CNEs and the
genes were present only in 20% of the non-syntenic cases. Removing these instances does not alter
overall functional associations claimed in the study (Figure S12). Another artefact that might have
possibly affected the observations is the error while mapping the orthologous genes across
mammalian genomes. Issues like incorrect orthologue mapping and one-to-many orthologue
mapping etc could lead to incorrect non-syntenic set. To ensure the correct mapping, we have

subjected the non-syntenic set to a thorough manual scrutiny via BLAT searches across genomes.
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For one-to-many orthologue mapping, we have taken the orthologue that has been on the same
chromosome as the cognate CNE. In case there were multiple orthologues from the same
chromosome as the CNE, we took the orthologue which was nearest to the CNE making sure that a
syntenic CNE-gene pair should not get classified as non-syntenic because of redundant orthologue
mappings. These additional measures, along with extensive manual curation through UCSC and
WashU epigenome browsers, largely ensure the robustness of our observations against mapping

artefacts.

Altogether, using relative positioning of conserved coding and non-coding elements and through
large-scale epigenomic and functional data, we demonstrated the link between genome order and
the evolutionary dynamics of temporal gene expression pattern associated with mammalian
development. Our observations suggested that certain CNEs function as evolutionarily labile
transcriptional accelerators having specificity towards certain tissues during fetal development and
might have served as substrate for natural selection that subsequently fixed their preferred
chromosomal positions towards optimization of certain traits in lineage- or clade-specific manner.
Such approach might assist in annotating functionally diverged non-coding elements and might help
explaining diverged phenotypic associations of orthologous non-coding sequences in different
mammals. Our observations also establish the importance of genome order in comparative

genomics studies, which has been underappreciated in the past.
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Figure legends

Figure 1. Synteny and lack thereof between CNE and the nearest gene. (2) CNE and the nearest gene within
100kb in human genome were mapped onto genomes of other mammals. The CNE-gene pairs were
considered as syntenic if they resided within the proximity (<100 kb in all 7 species) and non-syntenic when
they departed by more than 2Mb from each other or were located on different chromosomes in one of the
mammalian species and remained proximal (<1Mb) in rest 6 species and within 100kb in at-least two of the
other species. (b) Pie-charts representing relative numbers of CNEs and genes in syntenic and non-syntenic
sets. (c) Binary heatmaps (brown for synteny and yellow for lack of synteny) show instances of CNE-gene pairs
that had lost synteny in one of species. (d) Percentage of human CNE-gene pairs (<100kb) localized within and
across topologically associated domains (TADs). Percentage shown is the average across 22 human cell-types
(Table S1). (e) Violin plot shows length distribution of CNEs in syntenic and nhon-syntenic sets. (f) Relative
sequence conservation, as measured through mammalian PhyloP scores, of CNEs in syntenic and non-syntenic
sets. (g) Enrichment of GC content and repeat elements around syntenic and non-syntenic CNEs. Question
mark (?) against certain repeat types signifies moderate sequence match with the corresponding family of

repeat element. P-values were calculated using Mann Whitney U test.

Figure 2. Functional characterization of genes in syntenic and non-syntenic sets. (a) Enrichment of
Mammalian Phenotype Ontology (MPO) terms among genes in syntenic and non-syntenic sets. (b) Enrichment
of MPO terms among non-syntenic set when genes from syntenic set were taken as background. P-values of

Fisher’s exact test were corrected using Benjamini-Hochberg method. (c) Sequence divergence of syntenic
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(across 7 mammals) and non-syntenic (rat) CNEs. P-value was calculated using Mann Whitney U test. (d-e)
Tissue specific expression of genes in (d) syntenic and (e) non-syntenic set. Relative significance was plotted as
negative of logl0 transformed corrected p-values of Fisher’s exact test for the overlap with the tissue specific
genes at stringency score (pSl) < 0.0001. Vertical grey colored line represents the p-value of 0.01. For syntenic
set, mean values and standard errors of significance for 100 random samples of 184 genes (the size of non-
syntenic set) from syntenic sets were plotted. (f-g) Expression specificity of genes in (f) syntenic and (g) non-
syntenic set across brain regions and across developmental stages. For sytenic set, the sample that exhibited
maximum significance for brain specificity in panel-d was taken. Size of the nested hexagons represents the
proportion of all genes specifically expressed in particular tissue at particular developmental stage. Hexagons
are nested inwards based on relative stringency of tissue specificity scores (pSI=0.05, 0.01, 0.001 & 0.0001

respectively). Color gradient represents the magnitude of corrected p-values of Fisher’s exact test.

Figure 3. Enhancer property of syntenic and non-syntenic CNEs. H3K4mel enrichment on and around
intergenic CNEs in syntenic and non-syntenic sets (a) for fetal and adult tissues, and (b) for in-vitro cultured
embryonic stem cells and derived linreages. P-values for difference between syntenic and non-syntenic CNEs
were calculated using Mann Whitney U test for the H3K4me1 enrichment values in 1kb spanning windows on
either side of the center of the CNEs. (c-d) In-vivo validation of regulatory potential through VISTA enhancers
that overlapped with the CNEs that were syntenic in human and mouse but non-syntenic in one of the other
species (yellow) and the ones that were syntenic in all the species (brown) were taken for this analysis. (c) Top:
Relative % of syntenic and non-syntenic CNEs that were active in different embryonic tissues. Bottom: Cartoon
representation of relative enrichment of enhancer activity of non-syntenic CNEs over syntenic CNEs across
mouse embryonic tissues. (d) Examples of In-vivo activity patterns in different parts of mouse E11.5 embryos.
Specific embryonic tissues that exhibited the activity of CNEs are mentioned below each image. The number of
embryos exhibiting activity and the total number of embryos examined are given in brackets against each

embryonic tissue. The nearest gene is highlighted on the upper right corner of each panel.

Figure 4. Regulatory potential of syntenic and non-syntenic CNEs. (a) Proportion of syntenic and non-
syntenic CNEs containing at-least one GWAS or proxy SNP. P-value was calculated using boot-strap method by
randomly sampling 701 CNEs (size of non-syntenic set) from syntenic set 1000 times. (b) Examples of brain
associated GWAS SNPs mapping to non-syntenic CNEs. Shown are the tracks of conservation (placental PhyloP
score), H3K4me1l enrichment in fetal and adult human brain and the repeat elements. (c) Significantly enriched
motifs in non-syntenic CNEs as compared to syntenic CNEs. The analysis was done using MEME-suite package
and JASPAR matrices. P-values were calculated using Fisher’s exact test and were corrected for multiple
comparisons using Benjamini-Hochberg method. (d) Expression of transcription factors enriched among non-
syntenic CNEs across different developmental stages and in different parts of human brain. Labeled brain
samples exhibited consistently higher expression of both the factors in prenatal human brain. URL: Upper
rhombic lip, CB: Cerebellum, CBC: Cerebrum Cortex. (f) Upper panel: gene expression pattern of Pax3 (left) and

Pax7 (right) in different brain regions across different developmental stages in mouse. Lower panel: Cross-
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sections of mouse embryos (E13.5) showing the spatial expression of patterns of Pax3 and Pax7. RSP: rostral
secondary prosencephalon, Tel: telencephalic vesicle, PedHy: preduncular hypothalamus P1: prosmere 1
(pretectum), P2: prosomere 2 (thalamus), P3: prosomere 3 (pre-thalamus), M: midbrain, PPH: prepontine

hindbrain, PH: pontine hindbrain, PMH: pontomeduallry hindbrain, MH: medullary hindbrain.

Figure 5. lllustrative examples of chromosomal position effect in cis and trans. Examples of CNE and the
cognate gene that were within 100 kb in human genome, but were (a) >2Mb apart or (b) on different
chromosome (trans) in rat genome. Shown are the different epigenomic tracks of H3K4mel, DNase
hypersensitive sites, chromatin state (red: active TSS, orange: flanking active TSS, green: transcribed, yellow:
enhancer, grey: repressed; detailed color-codes are given in Figure S6), and RNA-Seq in fetal brain, fetal leg
muscle, fetal trunk muscle, fetal thymus and fetal lung. The bottom most tracks are of UCSC genes and human-
rat synteny maps. (c) On the left, the strategy for gene-expression comparison of orthologous genes is
depicted as cartoon. Bar-plots on right side show quantile normalized expression of ADAM3 and OU3F2 genes
(relative to tubulin-B gene) in human, mouse and rat. The CNE-gene pairs shown here were syntenic in human

and mouse genome, but were non-syntenic in rat.

Figure 6. Tolerance and intolerance of CNE-gene split. Proportion of CNEs-gene pair having at-least one germ-
line or somatic DNA breakpoint associated with cancer, in-between CNE and the gene-TSS. Fisher’s exact test

was used to calculate the p-values.

Figure 7. Functional fate of genes proximal to positionally rearranged CNEs in human, mouse and rat. (a)
Enrichment of Mammalian Phenotype Ontology terms among genes that were proximal to CNEs in human, but
were distant (other chromosomes) in mouse (b) CNE-to-neighborhood fold-change in DNase-seq signal on and
around CNEs in fetal brain of human and mouse. (c) Expression dynamics of genes, that were proximal to CNEs
in human but distant (different chromosome) in mouse, in developing brain of human (left panel) and of
mouse (right panel). Curves represent the median expression of genes proximal to rearranged CNEs and bars
represent standard errors. Heatmaps represent the complete expression data across all developmental stages.
(d) Enrichment of Mammalian Phenotype Ontologies of genes which gained proximity to rearranged CNEs in
mouse. (e) CNE-to-neighborhood fold-change in DNase-seq signal on and around CNEs in fetal heart of human
and mouse. (f) Expression dynamics of genes, that gained proximity to CNEs in mouse, in developing heart of
human (left panel) and of mouse (right panel). As a control, we analyzed gene expression data for developing
human and mouse lungs (Figure S7). (g) Same as panel-c, but for rat and mouse comparison. (h) Contour plots
for expression values of orthologous genes in fetal brain cortex of human (16-18 gestational weeks) vs. mouse

(E18) (left) and rat (E18) vs. mouse (E18) (right).

Figure 8. Chromosomal position effect and 3D genome organization (a) Percentage of CNE-gene pairs
(syntenic in human and non-syntenic in mouse) that localized within the TAD and the ones that were across

the TAD boundary in human fetal cortex. (b) Upper panel: Circos plot of spatial connectivity between genes
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and their cognate CNEs that were proximal in human but were on different chromosomes in mouse. Grey
colored edges represents the gene-CNE pairs, while black colored edges signify the CNE and the genes that
exhibited spatial proximity in nuclei of mouse brain cortical cells. Lower panel: Observed number of trans
interactions (vertical bar) overlaid upon the null distribution generated through bootstrap method. (c) Same as

panel-b, but for rat-mouse comparison (d) Cartoon depicting interpretation of the data in Figure 6 and 7.
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