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Abstract

Many genomic alterations associated to human diseases localize in non-coding regulatory
elements located far from the promoters they regulate, making the association of non-coding
mutations or risk associated variants to target genes challenging. The range of action of a given set
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of enhancers is thought to be defined by insulator elements bound by CTCF. Here, we analyzed
the genomic distribution of CTCF in various human, mouse and chicken cell types, demonstrating
the existence of evolutionarily conserved CTCF-bound sites beyond mammals. These sites
preferentially flank transcription factor-encoding genes, often associated to human diseases, and
function as enhancer blockers in vivo, suggesting that they act as evolutionary invariant gene
boundaries. We then applied this concept to predict and functionally demonstrate that the
polymorphic variants associated to multiple sclerosis located within the EVI5 gene are actually
impinging on the adjacent gene GFI1.

INTRODUCTION

While only a small proportion of the genome codes for proteins and regulatory RNAS, cis-
regulatory elements (CREs), the DNA sequences controlling the expression of the coding
segments, are located in the vast non-coding portion of the genome?. It is therefore not
surprising that genome-wide association (GWA\) studies are linking an increasing number of
human diseases to non-coding DNA, most likely with regulatory function (reviewed in23).
However, in these cases, the assignation of the candidate disease gene may not be
straightforward: CREs can act at long distances, and their target gene may not be the one
closest to the CRE (see, for example,*). Thereby, methods for predicting which gene, or
genes are under regulation by particular non-coding genome segments should help in the
identification of the candidate disease gene in cases where the lesion lies in non-coding
regions.

Research from many laboratories has shown that the 11 zinc-finger nuclear factor CCCTC-
binding protein (CTCF) contributes to the regulation of gene expression and higher order
organization of the genome®. CTCF is evolutionarily conserved and widely distributed along
the vertebrate and Drosophila genomess‘g. Although at present the primary function(s) of
CTCEF cannot be directly derived from its genomic distribution, some of the CTCF-bound
sites are well known to function as regulatory boundaries, confining the range of actions of
CREs to genes within those boundaries (reviewed in®10). Different cofactors are able to
interact with CTCF, including the SNF2-like chromodomain helicase CHD8 and, more
recently, the DEAD-box RNA helicase p6811-12, CTCF also binds to the cohesin complex at
a large number of genomic sites13-15, Indeed, at several loci, cohesin complex seems to
regulate this insulator activity!3-15. Constitutive CTCF-bound sites are more likely to serve
this function, while more labile sites may be involved in tissue specific gene expression
regulation. In fact, a proportion of CTCF sites have been shown to be constitutively
occupied in several human cell types and even to be conserved between human and mice
cell types’16. This conservation might extend even further evolutionarily, since the
development of the shared body plan of vertebrates is controlled by an also shared set of
transcription factors and signaling molecules deployed in similar patternsl’. However,
genome-wide CTCF distribution has not yet been examined outside mammals. If CTCF-
bound sites are found at syntenic positions in different vertebrates, these evolutionary
conserved boundaries could be used to resolve ambiguous associations of target genes
affected by mutation in non-coding regions in human diseases, as is the case of Multiple
Sclerosis and the GFI1 and EVI5 genes.

Multiple Sclerosis (MS, [MIM 126200]) is the most common progressive and disabling
neurological condition affecting young adults in the world today. The overall prevalence of
MS ranges from 2 to 150 per 100,000 individuals. Pathogenetically, MS is considered an
autoimmune disease leading to the demyelination of central nervous system axons'8. From a
genetic point of view, MS is considered a complex disorder resulting from a combination of
genetic and non-genetic factors!®. In addition to the human leukocyte antigen (HLA), which
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is recognized as the strongest locus for MS in most populations, other genetic factors
involved in MS have remained elusive until the arrival of Genome-Wide Association
Studies (GWAS) (The MSGene Database. http://www.msgene.org/.). To date, seven GWAS
have been performed for MS; even though study design and results vary substantially
between experiments, some new susceptibility genes have been identified and replicated
using this approach?. However, even after convincing replications, the localization of the
causal variant(s) of most of these loci remains to be determined. Several GWAS found a set
of MS-associated polymorphisms belonging to the same linkage disequilibrium block
located in a region containing the GFI1 (growth factor-independent 1), EVI5 (ecotropic viral
integration site 5), RPL5 (ribosomal proteinL5) and FAMG9 (family with sequence similarity
69)2122.23 A fine mapping of this genomic region was performed pointing to
polymorphisms located within the 17th intron of the EVI5 gene as the most probable causal
variants of the association4. However, these findings did not clarify the functional role of
this EVI5 risk region. Our analysis of the CTCF sites within this genetic block indicates that
the 17th intron of the EVI5 gene likely belongs to the GFI1, and not the EVI5, regulatory
domain. We further demonstrate that this intron indeed contains CREs that contact the GFI1,
but not the EVI5, gene. We finally show that increased GFI1, but not EVI5, expression is
associated by the MS risk haplotype. We therefore conclude that GFI1, and not EVI5, is the
causal gene associated to MS.

CTCF occupies syntenic positions in vertebrate genomes

Recent studies have shown that an important fraction of CTCF sites in human cells are
constitutive: that is, they are occupied by CTCF regardless of the cell type analyzed’. This
led us to ask to what extent these constitutive sites are also bound in vivo by CTCF in
equivalent syntenic positions (i.e. surrounded by the same orthologous genes) across
vertebrate genomes. To investigate this, we collected available genome-wide CTCF ChIP-
Seq data from human cells (CD4*, HeLa and Jurkat cells®7) and produced CTCF ChIP-Seq
data for mouse (Mus musculus) embryonic stem (ES) cells and embryonic fibroblasts
(MEFs), as well as for chicken (Gallus gallus) red blood cells (RBC) isolated from embryos
at 5 and 10 days of development. We derived potential CTCF-bound sites from the ChiIP-
Seq using previously described protocols®:7:25 (see Supplementary Fig. 1 for details). Within
each species, we identified the set of sites common to all cell lines (species-specific
constitutive CTCF sites), considering two sites as common between two cell types if they
overlap in the genome by at least 50% of their length (see Methods for details). A large
fraction of CTCEF sites appear to be constitutive for the different cell types within each
species (Fig. 1a).

We next wanted to identify the set of constitutive CTCEF sites that are, in addition,
evolutionary conserved in all investigated species. 74% and 5% of human constitutive CTCF
sites lie within sequences conserved in mouse and chicken, respectively, displaying at least
50% identity in pairwise alignments. The global nucleotide coverage is 61.5% and 3.9% in
mouse and chicken respectively, as inferred from multiple sequence alignments of 44
mammalian genomes25, However, we reasoned that a CTCF-bound site located at an
equivalent position in two species (for example, between two paralogous genes) could play
an equivalent function (i.e. be evolutionarily conserved), even if the sites were not residing
in a conserved sequence. Therefore, relying exclusively on sequence conservation was not
sufficient to identify these evolutionary conserved CTFC occupied sites. We therefore
considered two CTCEF sites as evolutionarily conserved if they were syntenic in two species,
i.e., they separated the same evolutionary conserved regions (ECR,27), coding or non-
coding, at orthologuous genome loci (see Methods and Supplementary Fig. 2). The outcome
of our method is presented in Fig. 1b. We found 247 constitutive and syntenic (CONSYN)-

Nat Struct Mol Biol. Author manuscript; available in PMC 2011 December 1.


http://www.msgene.org/

1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Martin et al.

Page 4

CTCF sites among the three investigated genomes. Likely, this is an underestimation of the
number of CONSY N sites because of the stringency in the definition of vicinity to
conserved ECRs used, as well as the relatively low overall degree of sequence conservation
between chicken and mammals. Still, these 247 CONSYN-CTCEF sites correspond to 7% of
the total constitutive sites in chicken, the species with the lowest number of identified
CTCF-bound regions.

CONSYN sites co-localize with Cohesin and E2F-1, functioning as insulators

Next, we analyzed sequence features associated with this set of CTCF binding sites. We first
found that the most over-represented motifs are three highly similar Position Weight
Matrixes (PWMs) that matched the previously established CTCF consensus motif (Fig. 1c),
consistent with the high conservation of the CTCF protein from mammals to birds28. Motif
discovery on CONSY N sites (see Methods) identified a number of additional motifs over-
represented in the CONSYN- CTCF set as compared to the species-specific constitutive
ones (Table 1). This predicts the action of other nuclear factors cooperating with CTCF at
these sites. Among the top ranking ones we found SAP-1a, E2F-1, HIC1 and AP-2. ChIP-
Seq data available for E2F-1 in mouse?® confirms that E2F-1 is more frequently found in the
vicinity of CONSYN CTCEF sites than in the proximity of non-constitutive sites or species-
specific constitutive ones (Fig. 1d). Using a very stringent set of simulated CONSYN sites
as a random control (see Supplementary Methods), we have found the association of
CONSYN CTCEF sites with E2F-1 sites to be statistically significant (P-value < 0.001).

CTCEF sites have been proposed to serve four types of functions: (1) enhancer blocker, (2)
barrier for the spreading of repressive heterochromatin and (3) genome organization (4)
transcriptional enhancement®10:30-32 |t has been recently shown that in certain contexts
cohesins act as mediators for the enhancer-blocking and/or three-dimensional genome
organizing activities of CTCF2. On the other hand, CTCF is known to flank Lamina-
Associated Domains (LADs), where it has been proposed to have a barrier function,
preventing heterochromatin spreading into transcriptionally active chromosomal domains33,
In order to determine whether CONSYN-CTCEF sites could be linked preferentially to either
of these functions, we correlated these sites to Sccl-cohesin and LAD peaks33. We found
that CONSY N sites overlap with cohesin-associated loci, while tend to avoid LADs, even
when we extend the search to up to 10kb around each LAD site (Fig. 1e). Both, overlap with
cohesin-associated loci and avoidance of LADs are statistically significant when compared
the control set of simulated CONSY N sites (P-value < 0.001 on both cases.). These data are
consistent with CONSYN-CTCEF sites having an enhancer-blocking activity. To test this
point, we assayed the insulator activity on a sample of six human CTCF sites, three
conserved between human and mouse and three CONSY N sites, in two ways: through
luciferase enhancer-blocking assays in human HEK 293 cells 34:35 and in vivo, using a
recently described insulator assay in zebrafish3® (Fig. 2). All six sites showed consistent
enhancer-blocking activity in the in vitro assays (>2 fold; Fig. 2a) and four of them,
including the three CONSY N sites, reproducibly showed robust enhancer-blocking activity
in vivo (Fig. 2b,c).

CONSYN sites preferentially flank developmental and disease genes

All these facts led us to hypothesize that CONSYN-CTCEF sites might be separating genes
whose expression ought to be tightly regulated and their chromatin organized at the genomic
level, at least from chicken to humans. To identify these genes, we assigned two
neighbouring genes in each direction for each CONSYN site (lists are provided in
Supplementary Table 1). Gene ontology term analysis identified an enrichment in
transcription factors (TFs) involved in cell differentiation and embryonic development
(Figure 3a and Supplementary Tables 2 and 3). Indeed, while TFs constitute ~ 5% of all
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genes in mouse and human genomes, ~ 12% and 10% of murine and human genes adjacent
to CONSYN-CTCEF sites are TFs. The difference is statistically significant compared with a
set of random genomic sites (P-values < 0.01, Fig. 3b). We have analyzed recently published
expression data for human and mouse3’, and found that TFs flanking CONSYN sites do not
particularly tend to have tissue specific significant expression patterns (Fig. 3b). However,
we observed that adjacent genes separated by CTCF binding sites tend to have different
patterns of expression as compared to all genes in the genome (Fig. 4a and Supplementary
Fig.3), supporting a function of CTCF-bound sites as regulatory domain boundaries.

Altered regulation of genes is often associated with human diseases3-38. We therefore
examined whether the set of genes flanking constitutive CTCF sites are enriched for
diseases-associated genes. When subjected to MeSH analysis
(http://lwww.nIm.nih.gov/mesh/genes), the human genes linked to human-mouse conserved
CTCF sites and even to human-mouse-chicken (CONSYN) ones are significant associated
with disease, including cardiovascular disease, neuroectodermal tumors and lymphomas
(Fig. 4b).

CONSYN sites predict the association of GFI1 to MS susceptibility

A considerable number of the increasing available Genome Wide Association Studies
(GWAS) indicate that many human diseases are caused by mutations in CREs. However, the
identification of the target gene of each of these CREs is not trivial, since these may be
located hundred of kilobases away from its target promoter, and even inside neighboring
genes. Thus, often the gene truly implicated in the development of a particular disease
cannot be directly identified. Since CONSYN-CTCEF sites seem to define evolutionary
conserved gene-regulatory boundaries and these boundaries are preferentially linked to
genes encoding transcription factors whose malfunction is frequently associated with human
diseases, we reasoned that these sites could aid to link mutations or polymorphisms in CREs
associated to human diseases to their target “disease” gene.

As a proof of principle, we used the GFI1-EVI5 genomic region that has been associated
with multiple sclerosis?!. The most probable causal variants of the association to multiple
sclerosis (MS) have been located in the last intron of the EVI5 gene24. Thus, one or several
CREs within this intron may be affected in the risk haplotypes. Based on this evidence, EVI5
has been suggested as the potential target of these CRES?2:23, However, examination of the
human constitutive CTCF binding sites in the GFI1-EVI5 genomic locus indicates the
presence of three sites separating the risk genomic area from the EVI5 promoter (Fig. 5a).
Strong CTCF binding sites are also found separating this last EVI5 intron from its promoter
in mouse and chicken genomes and in similar positions (Supplementary Fig. 4). Although
these CTCEF sites could not be identified as syntenic sites by our pipeline due to stringent
criteria imposed, it is likely that they constitute functionally equivalent CTCF sites. The
evolutionary conserved architecture of the GFI1-EVI5 genomic locus with CTCF-bound
sites separating the last intron of EVI5 from its promoter in all vertebrates examined strongly
suggests that potential CREs within this intron are preferentially acting on the neighbouring
GFI1 gene, and not on EVI5. MS is a heterogeneous immunopathy likely caused by the joint
participation of different peripheral blood cells in the central nervous system39.
Interestingly, malfunction of GFI1, which encodes a zinc-finger transcription factor, causes
abnormal or malignant haematopoiesis (reviewed in%0), and therefore could play a role in an
autoimmune disease such as MS. To evaluate whether CREs in the last intron of EVI5 act on
either of the EVI5 or GFI1 promoters, we performed Chromatin Conformation Capture (3C)
assays on control and PMA+ lo (phorbol-myristate-acetate plus ionomycin) activated human
peripheral blood mononuclear cells (PBMCs). In these 3C assays we used two different
anchor primers: one on the promoter region of each gene, and multiple primers spanning the
whole genomic region of the last EVI5 intron (Fig. 5b). These primers allow detecting DNA
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interactions between different regions covering the whole intron with any of the two
promoters. PCR product values for each primer pair were normalized against those obtained
in control samples containing BAC clones spanning the tested genomic region (see
Supplementary Methods). In non-activated PBMCs we found no significant interaction
between any of the promoters and different regions of the intron (Fig. 5b, blue graph). The
same was true in activated cells when the EVI5 promoter was surveyed (Fig. 5b, cyan
graph). In contrast, the GFI1 promoter interacted with several regions of the intron,
interaction that was stronger in the activated than in the control PBMCs (Fig. 5b, red and
orange graphs, respectively).

These results suggest that the EVI15 intron contains CRES that act on the promoter of GFI1,
not on that of EVI5. Accordingly, GFI1 is robustly upregulated in activated PBMCs, while
EVI5 is undetectable in both activated and non-activated blood cells (Supplementary Fig. 5).
Strengthening this point further, a recent report identified a likely GFI1 haematopoietic stem
cell-specific enhancer in this genomic area®!.

An important prediction from these data is that it is GFI1, and not EVI5, the gene whose
expression should be altered in risk haplotype carrying individuals. Indeed we found that
this was the case. In PBMCs of the risk (G) allele within SNP rs11804321, the expression of
GFI1 was increased, as compared to the levels found in samples carrying the protective (A)
allele either in heterozygosity or in homozygozity (Fig. 5¢). In contrast, no differences were
found for the EVI5 expression levels (not shown). This correlates with a recent report
showing that GFI1 expression levels are also increased in peripheral blood cells of
individuals that will develop multiple sclerosis*2, indicating that increased GFI11 is linked to
higher risk of developing the disease. The regions from the EVI5 intron that interact with the
GFI1 promoter in our 3C studies contain two evolutionary conserved non-coding sequence
blocks (CNR-A and CNR-B; Fig. 5b), suggesting a possible regulatory function for them.
To examine this possibility, we PCR-amplified these two regions and tested their potential
enhancer or repressor activities in luciferase assays in THP-1 human acute monocytic
leukemia cells. Both regions showed clear repression activity in these assays (Fig. 6a).
Therefore, our results are compatible with a scenario in which an increased risk to develop
multiple sclerosis is caused by a mutation in any of these two, or even other, repressors
located in the last EVI5 intron, which would then lead to an abnormally high expression of
GFIL.

Our starting prediction of a functional linkage between the risk haplotype and GFI1 was
based on the location of a potential enhancer barrier separating the risk region and the EVI5
promoter. To test whether any of these three human CTCF-bound sites can function as
insulators, we performed functional enhancer barrier cell culture assays with all three of
them. Similar to the behavior displayed by other CTCF-bound sites we tested, all three
regions clearly act as insulators in these experiments (Fig. 6b). These results strongly
suggest that these CTCEF sites are insulators separating GFI1 and EVI5 regulatory
landscapes. If so, it would be expected that reducing CTCF function may affect this
boundary, resulting in misregulation of any of these two genes. Since organization of GFI1
and EVI5 is syntenic in zebrafish, we tested this possibility by knocking-down CTCF
function with a splicing-specific morpholino (MOsp1CTCF, see Methods and
Supplementary Fig. 6 for details) in this organism. The MOsp1CTCF morpholino partially
inhibits the correct removal of intron 2. The inclusion of intron 2 in the mRNA introduces
several precocious stops codons that eliminate key domains of the CTCF protein
(Supplementary Fig. 6). We then determined by gRT-PCR (quantitative real time PCR) the
expression levels of both gfil and evi5 genes in control and morphant embryos. As shown in
(Fig. 6¢), in the CTCF morphant embryos the expression of evi5 is higher than in control
individuals while that of gfil does not vary. These results indicate that reducing CTCF levels
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causes evi5 misregulation, which could be due to inappropriate contact with neighboring
regulatory regions. Since the genomic organization of these two genes is conserved all along
vertebrate evolution, we predict that a similar situation may also occur in humans.

DISCUSSION

Recent studies have shown that a large fraction of CTCF-bound sites in different human or
mouse cell types are conserved within species’-16 defining what we denominate here
constitutive CTCF-bound sites. Moreover, it has been also demonstrated that a number of
these CTCF-bound sites lie within sequence stretches conserved between human and mouse
genomes, and therefore are evolutionarily conserved in mammals!®. However, this criterion
is too restrictive. CTCF sites may serve similar insulator or enhancer blocking functions in
two species if located at equivalent genomic position (i.e. syntenic), irrespectively of
whether they are at conserved sequences or not. Therefore, here we have extended the set of
conserved CTCF-bound sites to include those that are syntenic. With this approach, we
identify at least two times more potentially equivalent CTCF-bound sites in mammalian
genomes than just using sequence conservation, corresponding to 18% of the human
constitutive sites. To further examine the existence of more deeply conserved CTCF
syntenic sites in a non-mammalian genome, we determined by Chip-seq the genome-wide
CTCEF distribution in two chicken cell types. As in other species, we find that a large
fraction of CTCF sites are constitutive occupied in the two different chicken cell types
analyzed (59% of the sites form the cell type with less reads). Moreover, 7% of these
chicken constitutive sites are placed at syntenic position in mice and humans, being most of
them not conserved at the sequence level. We call these sites CONSYN (from constitutive
(within each specie) and syntenic (between species)) CTCF sites. We therefore conclude that
using synteny is a much more powerful way to identify equivalent positions occupied by a
transcription factor in different species than using just sequence conservation.

Interestingly, our work demonstrates that these deeply evolutionary conserved CTCF-bound
sites show enhancer-blocking activity and tend to flank developmental genes associated with
human diseases. Therefore, our work identifies a set of gene boundaries that have remained
constant, at least, from chicken to humans. This conservation may stem from the need of
avoiding regulatory interference within and between these essential genes. Likely, disruption
of these genes’ boundaries would impair development or cause disease. Therefore, we
propose that evolutionarily conserved CTCF sites can serve as a general useful guide in
assigning non-coding mutations to target genes, among them some associated with human
diseases. Indeed, as a proof of principle, here we used this knowledge on conserved gene
boundaries to identify a likely target gene affected by haplotypes associated to an increase
risk of suffering multiple sclerosis located in the GFI1-EVI5 genomic region. Although, in
previous works EVI5 was considered as the target gene likely involved in this disease?223,
we demonstrate that the last intron of this gene, which contains the multiple sclerosis risk
haplotypes, is separate from its promoter by several syntenic CTCF-bound sites that can
function as insulators. Indeed, these syntenic CTCF-bound sites suggest that the last EVI5
intron is within the GFI1 gene regulatory landscape. Therefore, CTCF potentially prevents
the interaction of a number of GFI1 regulatory elements present in this EVI5 intron with its
own promoter. Accordingly, evi5 expression is mis-regulated in zebrafish embryos with
reduced CTCF function. We also find two repressor elements within this intron that are good
candidate regions to be mutated in MS risk haplotypes. Accordingly, as expected by a
malfunction of these repressors, we find that individuals that carry in homozygosity one of
the MS risk SNPs have higher levels of expression of GFI1l, but not EVI5, in peripheral
blood cells. Finally, in these cell type, and using 3C experiments, we further demonstrate
that these repressors physically contact with the GFI1I, but not EVI5, promoter. Altogether,
our results demonstrate that GFI11, but not EVI5, is possibly the real gene associated with
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higher risk in developing multiple sclerosis, a prediction that was originally based on the
distribution of syntenic CTCF sites in multiple vertebrates. Therefore, the location of these
sites might inform on the associations between disease-linked SNPs at non-coding DNA and
target genes by defining regulatory domains throughout the genome.

Chromatin immunoprecipitation (ChiP)

Sequencing

Mouse CTCF ChlIPs in ES cells and fibroblasts were performed as previously described?3.
The antibody used for immunoprecipitation was a rabbit polyclonal antibody against CTCF
(07729, Millipore). In order to evaluate the CTCF-ChlIP quality, positive PCR controls
were performed for the H19 Imprinting control region (Supplementary Fig. 7a). Chicken red
blood cells (RBC) CTCF ChlIP experiments were performed as previously described?4:45,
We evaluated the CTCF-ChIP quality with several positive and negative PCR controls
(Supplementary Figure 7b).

Sequencing libraries were produced using the lllumina ChIP-Seq sample preparation Kit,
following the manufacturer’s instructions. Single read sequencing was performed on the
[llumina Genome Analyzer platforms | and 11, and images were analyzed using Illumina
pipeline versions 1.3.2, and 1.4.

Short reads mapping and peak calling

Genomic coordinates of chicken and mouse ChlP-Seq sequence reads have been obtained
using the GEM mapping software suite (http://gemlibrary.sourceforge.net). We used the
quality files provided by the lllumina Genome Analyzer, and mapped them against the
corresponding genome sequence (Galgal3, mm9 for chicken and mouse respectively). Using
this same program, we determined the corresponding genome fractions to be used with the
peak-calling program. For human data, since the quality files were not available, we used the
provided mapping (Eland) on the hg18 genome assembly. We filtered out those reads not
mapping uniquely to the reference genome sequence. Details are provided in Supplementary
Fig.1.

Peak calling has been performed using SISSRs25, with the same parameters as those
previously published for detection of the human CTCF binding sites®’. The selected regions
were then extended to 200 bp to each side, centered on the middle coordinate of the peak.

Evolutionary conservation

Sequence conservation analysis among species consisted in retrieving MAF blocks (from the
UCSC multiple genome alignments) using one of the species as reference coordinates, and
examining whether these blocks overlap a peak in the query species. The retrieval of the
blocks has been performed using the ‘extract MAF blocks’ module from the Galaxy
suite6:47,

We developed three methods (Supplementary Fig 2) to assess conservation based on
anchoring peaks from one species (referred to as reference species) to peaks in another
(query) species through sequence features. This allowed us to detect conserved peaks having
no sequence conservation. Further details can be found in Supplementary Methods.
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Motif analysis

Two types of analysis have been performed: de novo motif discovery and known motifs
over-representation. To assess motif over-representation, we used Pscan*® with the
Transfac*® Pro 2009.2 motif collection (892 matrices). Non- vertebrate motifs and low
quality matrices (Q5 and Q6) have been removed from the collection. De novo motif
discovery analysis was performed with MEME®C trying all possible motif widths from 6 to
20 bp, asking for 5 motifs to be found per run, and using two different distribution models:
one occurrence of the motif per sequence (oops), and zero or one occurrence per sequence
(zoops).

Gene Ontology analysis

Gene Ontology (GO) term enrichment analyses have been computed through the
GOToolBox suite®l. Term over-representation has been calculated using a hypergeometric-
based test. P-values have been corrected for multiple testing using a Benjamini and
Hochberg correction. We consider a p-value to be highly significant when lower than or
equal to 0.01, and significant when lower than or equal to 0.05. We also computed the
enrichment ratio for each over or under-represented term, dividing the frequency of this term
in our gene set by its frequency in the whole genome. For clarity, we also mapped the over-
and under-represented terms to the generic slim ontology provided by the GO consortium.

Identification of tissue differential expression of genes separated by CTCF peaks

First, we used the set of UCSC known genes®? to define non-overlapping gene clusters.
Second, we associated each microarray probe in the Gene Expression Atlas 2 data provided
by the Genomics Institute of the Novartis Research Foundation (GNF,>3) with a given gene
cluster. The GNF database (gnfAtlas2) contains two replicates each of 61 mouse tissues and
79 human tissues run over Affymetrix microarrays. The log2-ratios of the signals
(expression score) of all probes associated with a given cluster were averaged. For each
tissue, we then computed the absolute difference in the expression scores between pairs of
adjacent gene clusters that are not isolated by CTCF binding events. This background
distribution was subsequently compared to that corresponding to gene clusters isolated by
CTCF binding events using the Wilcoxon-Mann-Whitney test. We corrected the resulting p-
values for multiple testing with Bonferroni’s method using the number of tissues.

Enhancer-blocking assay

Enhancer-blocking assays were used to address the insulator activity of selected CTCF
elements, using the pELuc backbone plasmid and human HEK 293 cells as reported34. For
details see Supplementary Methods.

Repressor Luciferase assays

CNRA and CNRB were PCR amplified, cloned in TOPO T/A vector and transferred using
the Gateway system to the destiny vector pGL3 control, which contains the S\V40 enhancer
and the SV40 minimal promoter. The constructs were transfected to exponentially growing
THP1 cells. Triplicated of transfected cell cultures were treated or non-treated with PMA+lo
for 4 h and then harvested. Luciferase activity was evaluated using Dual-Luciferase®. For
more details see Supplementary Methods.

In vivo insulator activity in zebrafish and morpholino injections

The insulator activity of selected CTCF elements was analyzed in vivo by microinjection in
one-cell zebrafish embryos as reported6. About 10 to 40 individual zebrafish were analyzed
and quantified for each condition. Each set of experimental constructs was always injected
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and analyzed with their corresponding set of controls. The LaserPix (Bio-Rad) image
analysis software was used for quantification.

MOsp1 was designed to bind to the acceptor-splicing site between intron 2 and exon 3 (5°-
AGCAAATATCACACACTCACCTTTC-3’). A total of 15 ng of MOspl morpholino was
injected into one cell-stage embryos. More details can be found in Supplementary Methods.

Chromosome conformation capture assay (3C)

3C assay was performed in control and PMA+lo-activated human PBMCs cells as
previously described®®. See Supplementary Methods for details.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
CTCF binding sites detection and conservation. (a) Number of CTCF peaks detected in each
cell type/line investigated in each species. The bottom row shows the number of constitutive
peaks within each species. (b) Venn diagram summarizing the inter-species conservation of
CTCEF sites. (c) Canonical CTCF motifs obtained by de novo motif discovery. (d) Genomic
intersections (overlap > 50%) of mouse CTCF sites with E2F-1 binding sites. CTCF sites
were grouped according to their conservation status into: “HMC” (human/mouse/chicken
conserved), “MSC” (mouse genome-specific) and “NC” (hon-conserved). (e) Genomic
intersections of human HMC, NC and HSC (human-specific) CTCF sites with LADs and
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Functional validation of CTCF sites as insulators. (a) A set of three CTCF sites conserved
between human and mouse (CTCF1, CTCF4 and CTCF5) and three CONSYN sites
(CTCF2, CTCF7, CTCF8) were assessed for enhancer-blocking activity through a reported
in vitro assay34. Data are presented as fold enhancer-blocking activity normalized by the
value achieved by the reference pELuc vector +/— SD. The 5’HS4 chicken b-globin
insulator (5’HS4) and the internal 11/111 element were used as positive controls. A mutated
[1/111 element with an altered CTCF site was used as a negative control®°. All CTCF sites
tested showed a significant (>2 fold) enhancer-blocking activity. (b) Box plot representation
of enhancer-blocking activity in vivo using a transgenic zebrafish assays. In this assay, the
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insulator is placed between a central nervous system (CNS)-enhancer and a promoter
driving the expression of GFP to somites. Bars depict ratios between fluorescence in somites
versus CNS. Only the four CTCF sites with significant insulator activity are depicted. (c)
Images from zebrafish embryos after microinjection of each of the four CTCF sites shown in
(b), along with positive (5’HS4) and negative (empty) controls. The construct used is shown
above the image. Note the reduction of the activity of the midbrain enhancer (CNS; yellow
arrow) relatively to the somite expression (blue arrow) when the insulators sites are placed
in between.
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Figure 3.

CONSYN-CTCEF sites are preferentially flanking transcription factors involved in
developmental processes. (a) Significantly enriched (p < 0.05) Gene Ontology terms in
genes associated to CONSYN-CTCEF sites in chicken, mouse and human (black, white and
gray bars, respectively). The bars marked with an asterisk correspond to highly significant p
values (p < 0.01) (b) Proportion of transcription factor-encoding genes associated to
CONSYN CTCEF sites in mouse and human genomes. The grey portion in each bar
corresponds to the percentage of tissue specific expressed transcription factors. MSC
(n=12,432) and HSC (n=8912) are constitutive sites in mouse and human cells, respectively.
MH (n=1,659), MC (n=475), HC (n=528) and HMC (n=247) are mouse-human, mouse-
chicken, human-chicken and human-mouse-chicken conserved sites, respectively.
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Figure 4.
Genes separated by CTCF sites have differential expression patterns and are associated with

human diseases. (a) The five tissues showing the most significant differences are shown for
mouse and human CTCEF sites. Genes separated by CTCF binding events exhibit greater
difference in expression levels (Aexp) than expected. Genes separated by CTCF (as
compared to random expectation) are enriched for pairs with high differences in expression
and depleted for genes with low differences in expression, as compared to those with an
average difference. (b) MESH analysis of genes flanking CONSYN-CTCF sites show high
enrichment in disease-associated genes. Of the set of 2562 CTFC-bound genes conserved
between human and mouse, genomatix identified 2273 genes, of which 1714 had a MeSH
annotation. Of the set of 412 CTFC-bound genes that are conserved between human, mouse
and chick genomatix identified 360 genes, of which 262 had a MeSH annotation. The top-
ten overrepresented MeSH-disease terms in the input gene set (ranked by fold-enrichment)
are listed together with their respective number of genes observed for each term. P-values
for each set are also shown.
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Figure 5.

Constitutive CTCEF sites help assign target genes for non-coding mutations associated with
human diseases. (a) Distribution of CTCF bound sites in different human cell types along
the GFI1-EVI5 genomic regions. Constitutive CTCEF sites (grey boxes) separate the last
intron of EVI5 (blue rectangle) from its promoter. Two SNPs associated with MS are
marked by black dashed vertical lines. (b) Close view of this intron showing the graphical
representation of the 3C results obtained from this intron and the two flanking promoters.
The coordinates of the region are shown below in kilobases. The primers along the intron
used are denoted with horizontal black arrows while the fixed primers at the promoters of
EVI5 and GFI1 are shown with blue (control PBMCs)/cyan (activated PBMCs) and orange
(control PBMCs)/red (activated PBMCs) horizontal arrows, respectively. Several intronic
regions interact with GFI1 more strongly in the activated (red graph) than in control (orange
graph) PBMCs. No interaction was observed between the different regions of the intron and
EVI5 in neither control nor activated PBMCs The shadowed boxes mark the contacting
region, conserved between human, mouse and chicken, and which were tested in functional
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assays in Fig. 6. (c) Association of GFI1 transcription with genotypes of the EVI5
rs11804321 polymorphism in PBMCs. Gene expression of GFI1 was assayed by real time
PCR using as reference the UBcH5B gene (Relative expression, GFI1/UBcH5B). The
expression obtained from non-activated PBMCs (N), activated PBMCs (A) and ratio A/N as
stimulation index (SI) is represented in the panels. Statistical significance of GFI1
expression differences between genotypes was calculated using the nonparametric Mann-
Whitney rank-sum test for a total of 108 PBMC independent samples, genotyped for
rs11804321 with a distribution of 59 AA, 46 AG and 3 GG. Only significant (P< 0.05) or
trend (P< 0.08) difference are indicated.
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Figure 6.

CTCF sites in the EVI5 gene act as insulators that prevent the interaction of GFI1-associated

CREs with the EVI5 promoter. (a) Enhancer-blocking activity assays performed on three
human CTCF-bound sites (a,b and ¢) shown in (Fig. 6) demonstrate that these sequences

effectively work as insulators. (b) Luciferase assays performed in THP-1 cells indicate that
the regions of the last EVI5 intron acting on the GFI1 promoter (CNRA and CNRB), behave

as repressors in both control and activated THP-1 human acute monocytic leukemia cells.

(c) evi5 and gfil mRNA levels in control (black bars) and CTCF-depleted (grey bar), 48

hours post fertilization zebrafish embryos, measured by quantitative RT-PCR. Error bars

represent the SEM of three experiments.
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