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Background: Our understanding of the nuclear chromatin structure has increased hugely during the last years
mainly as a consequence of the advances in chromatin conformation capture methods like Hi-C. The unprecedented
resolution of genome-wide interaction maps shows functional consequences that extend the initial thought of an
efficient DNA packaging mechanism: gene regulation, DNA repair, chromosomal translocations and evolutionary rear-
rangements seem to be only the peak of the iceberg. One key concept emerging from this research is the topologi-
cally associating domains (TADs) whose functional role in gene regulation and their association with disease is not

Results: We report that the lower the number of protein coding genes inside TADs, the higher the tendency of those
genes to be associated with disease (p-value =4 x 107°4). Moreover, housekeeping genes are less associated with
disease than other genes. Accordingly, they are depleted in TADs containing less than three protein coding genes
(p-value =3.9 x 1073*). We observed that TADs with higher ratios of enhancers versus genes contained higher num-
bers of disease-associated genes. We interpret these results as an indication that sharing enhancers among genes
reduces their involvement in disease. Larger TADs would have more chances to accommodate many genes and select

Conclusions: Genes associated with human disease do not distribute randomly over the TADs. Our observations
suggest general rules that confer functional stability to TADs, adding more evidence to the role of TADs as regulatory
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Background

The chromatin structure in Eukarya exceeds, in causes
and consequences, just to be the product of packing long
DNA polymers into a tiny nucleus volume; i.e., 2 m of
DNA into a 5 um diameter nucleus in human. Chroma-
tin structure is a key factor in many biological functions
like transcription, chromosome translocations, DNA
repair and replication [1]. Lessening the spatial distance
between two loci that are far in the linear genome can
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trigger a functional after-effect. Enhancer—promoter
interactions are a paradigm of this and even inter-chro-
mosomal interactions have been observed [2]. Enhanc-
ers are not distributed in a gene-centric way, with their
genome locations correlating rather with TADs [3]. In
accordance, 49% of the enhancers are in a range of 120
Kbp to the target promoter, from those only a 15% regu-
late the closest gene and only 56% regulate at least one of
the closest five genes [4]. A classic example of a genomic
distal interaction is the activation of shh by means of
the ZRS enhancer, which is located within an intron of
another gene, 1 Mbp away in mouse. ZRS is preferred
over closer enhancers [5, 6]. Artificial modifications of
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the chromatin structure have been observed to have
functional consequences, like, for example, the activa-
tion of the already inactive f-globin without its canonical
transcription factor GATA1 in erythroblasts [7].

Different techniques have been used to unravel the hier-
archical architecture of the chromatin [8, 9]. Chromo-
some conformation capture (3C) detects close genomic
regions (three dimensional space) by proximity ligation
using formaldehyde-mediated cross-linking [10]. Those
loci-captures are quantified by means of a sequencing
technology, determining the technology variant (4C, 5C,
Hi-C and ChIA-PET). The recent Hi-C [11-13] stands
out, incorporating next-generation high-throughput
sequencing and calculating the capture frequency in an
all-to-all manner, that is, for any pair of genomic loci. The
Hi-C data provided from Rao et al. on Human GM12878
cells [13] reached a resolution of less than 1 Kbp, at the
cost of 4.9 billions reads for a single experiment.

One of the main conclusions derived from 3C-based
techniques is that the genome is partitioned in regions
that have high levels of self-interaction contacts and can
be distinguished from flanking genomic regions, the so-
called contact domains or TADs. In human, they have a
size that ranges from 40 Kbp to 3 Mbp, with a median
value of 185 Kbp [13]. TADs are well conserved between
different cell types and mammal species, especially
between syntenic regions [1, 12-15], clearly indicating
their functional role.

TADs have, surrounding their borders, insulators that
limit the action of enhancers outside the TAD. Modify-
ing the shh enhancer—promoter linear genomic distance
within the TAD by means of genome engineering does
not modify shh expression. On the contrary, without a
strong TAD context, shh expression depends on the lin-
ear genomic distance to its enhancer [16].

There is no such structured chromatin at early stages
of development; the structural order arises during
embryogenesis in the same time-frame as gene expres-
sion starts in the zygote. The main features of the struc-
ture will be maintained after a certain structural stability
is reached. How chromatin structure conformation arises
is unknown but emerges from TAD borders triggered by
architectural proteins and factors like Zelda in Drosoph-
ila melanogaster [17] or CTCF and cohesin in mammals
[18].

On the other hand, housekeeping genes (HKs) are con-
stitutively expressed in all tissues and are necessary for
basal cellular function. With respect to the structure of
the chromatin, HK transcription starting sites (TSSs)
have a strong preference to be located at TAD boundaries
[12].

An additional angle onto the study of the functional
role of TADs regards the pathologic effects of the
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disruption of their structure. It has been long known
that disrupting the regulatory loop that conforms the
enhancer—promoter interactions might be pathogenic
[19, 20], also affecting brain development [21, 22]. More
specifically, structural variations affecting TAD borders
can cause an ectopic reorganization leading to gene aber-
rant misexpression, and therefore to disease [23, 24].
Some disruptions are well studied, like the one affecting
the regulation of Pax3 by means of CRISPR/Cas9, which
gives rise to a limb bud malformation [23]. But, the rela-
tionship between TAD structures and human diseases
is not fully elucidated. To shed light on this topic, we
decided to study the distribution of disease related genes
within TADs. Our observations show that the disease-
associated genes do not distribute randomly across TAD
structures.

Results

The distance to the TAD border

We analyzed the distribution of distances from the TSSs of
the genes to their closest TAD borders depending on their
association with disease (human GM12878; see "Meth-
ods"). TSSs near TAD borders are less associated with dis-
ease (Fig. 1; p-value=7.37 x 10710, Wilcoxon rank test).
Thanks to the high resolution of the Hi-C data set, we were
able to detect an abrupt enrichment of TSSs within TADs
from the borders up to a distance of —4500 nt (Fig. 1;
[12]), as well as the already known HKs bias toward TAD
borders (Additional file 1: Figure S1; p-value = 3 x 1074
Wilcoxon rank test). The fact that genes near TAD bor-
ders are less associated with disease is in agreement with
the preference of loci of HK for TAD borders: HK genes
(genome wide) are less associated with disease than non-
HK genes (30.9% and 36.6%, respectively; Table 1, p-value
=1.67 x 10719), A plausible explanation is that since HKs
are expressed in all tissues and are relevant for cell sur-
vival, alterations of these genes would be less tolerated by
the organism than those of the rest of genes, thus the fewer
HKs associated with disease. Independently of that, the
tendency observed in Fig. 1 can also be seen in both HK
and non-HK genes, which are less associated with disease
at TAD borders (Additional file 2: Figure S2).

Dependence between the number of genes associated
with disease and the number of genes contained in TADs
Next, we categorized the TADs by the number of genes
they contain in six different categories (see "Methods").
From all the 9274 TADs, 2934 TADs (31.6%) have a
unique gene within them, 1717 (18.5%) have two genes,
878 TADs (9.4%) have three, 552 TADs (5.9%) have
four, 343 ( 3.6%) have five, and 833 TADs (8.9%) have
six or more genes within them (Additional file 3: Fig-
ure S3). We observed inverse variation between the
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Fig. 1 Distributions of the distances from the TSSs of the genes to their corresponding closest TAD borders. If the TSS is not within a TAD, the
distance is calculated to the closest TAD border. Negative and positive distances correspond to TSSs inside and outside TADs, respectively. The
vertical black line represents the TAD borders. Two different distributions are shown in the main plot where genes associated and non-associated
with disease are represented in blue and salmon color, respectively. An abrupt enrichment of TSSs is observed within TADs starting at a distance of
— 4500 nt within TADs (indicated with a vertical red line). The portion of the genome within TADs is 55% (see "Methods"). Each bin of the histogram
represents 500 nt. Inset: the density for the same data is shown. Even if TSSs have a preference toward the TAD borders, the preference is lower for

25000

Table1 HK genes are less associated with disease
than non-HK genes, a p-value=1.67 x 10~'° from a Chi-
square test has been obtained

Disease Non-disease
HK 1129 2521
Non-HK 5305 9186

fraction of genes associated with disease and the size of
the TAD categorized by the number of genes it contains
(Fig. 2; p-value =4 x 10~°%, Chi-square test). While the
genome-wide fraction of genes associated with disease
is 0.35 (see the green dotted line), this fraction is sig-
nificantly larger in TADs with one or two genes. In par-
ticular, for the 2934 TADs containing only one gene it is
0.49 (Additional file 4: Table S4).

It must be noticed that the fraction of genes associ-
ated with disease is 5.1% lower when comparing the set
of 4718 genes that are within no TAD with the 13,423

genes contained within TADs; the fractions are 31.7%
and 36.8% for genes outside and within TADs, respec-
tively. We analyzed if the difference could be due to
an annotation bias on genes outside TADs. For that
we counted how many genes lack any Gene Ontology
annotation [25] in both sets. The comparison shows sig-
nificant results (p-value=7.9 x 10~%, Chi-square test):
genes outside TADs have a higher percentage of genes
with no GO annotation (5.6% in comparision with the
4.4% of genes within TADs), but the difference between
both sets is small and can not explain the lower fraction
of genes associated with disease we observed for genes
outside TADs. To carry out further analysis on genes
outside TADs, we tried to observe if they follow a trend
like the one shown in Fig. 2, associating each gene with
its closest TAD, but no trend was observed.

Next, in accordance with the enrichment of dis-
ease genes in TADs containing fewer genes and the
lower association of HKs with disease (Fig. 2 and
Table 1, respectively), HKs were significantly depleted
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Fig. 2 Fraction of genes associated with disease (ordinates) depending on the number of genes contained within the TADs (abscissas); the
numbers have been aggregated for n > 6. The lower the number of genes inside the TAD the higher fraction of the genes associated with
disease. A p-value =4 x 10~>* from a Chi-square test, comparing the number of genes associated and non-associated with disease for the six TAD
categories, has been obtained. The green dotted line represents the genome-wide fraction of genes associated with disease (0.354)
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in TAD categories containing fewer genes (Fig. 3;
p-value=1.2 x 1073, Chi-square test). We have also
proved that this distribution of HKs over TADs is not the
driving force of the inverse variation between the fraction
of genes associated with disease and the number of genes
the TADs contain (Fig. 2), because the trend is observed
independently both for HK and non-HK genes (see Addi-
tional file 5: Figure S4).

We hypothesized that the observed inverse variation
between the fraction of genes associated with disease and
the number of genes within the TAD (Fig. 2) is related to
the TAD regulatory complexity. To further investigate
this, we obtained the 49,672 enhancers identified in the
GM12878 cell line from EnhancerAtlas [26], see "Meth-
ods". Although it is difficult to know with confidence
which enhancer targets which gene promoter, most of the
enhancers that regulate a gene are within the same TAD
that contains the regulated gene [16, 27]. We observe that
while TADs with more genes also contain more enhanc-
ers (Additional file 6: Figure S5), the number of enhanc-
ers per gene decreases in those TADs (Additional file 7:
Figure S6).

We studied this variation in more detail. We observed
for each TAD category, depending on the number of
genes they contain, that the average number of enhancers
per gene increases in TADs with more genes associated
with disease (Fig. 4; p-values are 3.2 x 10712,4.8 x 1079,
6.5x 1072 and 2.9 x 107% Wilcoxon rank test). In
addition, TADs with fewer genes have a higher ratio of
enhancers to genes (Additional file 8: Figure S7).

Collectively, our results show that, when examin-
ing TAD composition, there seems to be a correlation
between higher average number of enhancers per gene
and higher fraction of disease genes within the TADs. In
addition, we observed that TADs with fewer genes have a
higher fraction of genes associated with disease (Fig. 2).
Although it is complicated to establish cause and effect
relationships between these observations, for each cate-
gory of TADs, the average number of enhancers per gene
is also increasing with the fraction of genes associated
with disease. We conclude that TADs with many genes
tend to share regulatory enhancers and that results in a
lower number of disease genes.
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Fig. 3 Fraction of HKs, that is HKs/(HKs + non-HKs), categorized by the number of genes within their TADs. HKs are not homogeneously distributed
over the different TAD categories. The red dashed line indicates the genome-wide fraction of HKs (0.201)

Discussion

Research that focused on the three-dimensional struc-
ture of the chromatin is suggesting biological function
that goes beyond the mere packaging of the polymer into
the nucleus. It is known that TAD reorganization, fol-
lowing TAD border disruptions can lead to disease [23,
24]. But, the relation between the chromatin structure
and disease is not yet fully elucidated. In this work, we
studied the distribution of protein coding genes within
TAD:s to find functional properties of TADs in relation to
human disease not previously described in the literature.
We wondered if there would be further hints supporting
the function of TADs at a level more intimately related
to gene function. It is admitted that besides the conser-
vation of tandem duplicated genes [28], clusters of obvi-
ously related genes, such us the Hox genes, are more the
exception than the rule.

We observed that the TSS of genes that locate towards
the TAD borders have a lower tendency to be associ-
ated with disease (Fig. 1). The known preference of gene
TSSs for TAD borders with a stronger bias for HKs ( [12];
Fig. 1 and Additional file 1: Figure S1) led us to analyze
the association of HKs with disease. As a result, we found
that HKs are less associated with disease than non-HKs

(Table 1; p-value =1.67 x 10710). A plausible explanation
is that since HKs are expressed in all tissues and are rel-
evant for cell survival, mutations in HKs would be evo-
lutionarily selected out. In accordance with this result, it
is already known that HKs are more evolutionarily con-
served than tissue specific [29, 30].

To find a relation between the fraction of genes asso-
ciated with disease and a simple physical property of
TADs, we chose the number of genes the TAD contains,
which relates to gene regulation and allowed us to cat-
egorize TADs depending on a simple discrete argument.

We observed that TADs containing a lower amount
of genes are more prone to carry genes associated with
disease (Fig. 2). TADs containing a unique gene have
the highest fraction of gene association with disease, a
13.6% more than the average genome-wide gene asso-
ciation with disease. This is an indication that TADs
containing more genes are functionally more sta-
ble. In addition, we observed that while TAD length
increases with the number of genes contained within
TADs (Additional file 9: Figure S8), there is no relation
between the fraction of genes associated with disease
and the length of the TADs. We take these results as
an indication that the number of TSSs within TADs
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captures information about gene regulation within
TADs better than TAD length.

Interestingly, and due to the fact that HKs are less asso-
ciated with disease, we also observed that HKs do not
distribute uniformly all over the different TAD catego-
ries, and have a significant tendency to be located within
TADs containing more than two gene TSSs (Fig. 3). This
result is in agreement with the previously found genomic
co-localization of HK clusters [31]. Nevertheless, HKs
are not the driving force of the trend observed in Fig. 2,
because the same trend has been found independently
for both HK and non-HK genes (Additional file 5: Figure
S4).

All these associations were observed in contact
domains predicted by the Arrowhead algorithm for Hi-C
data from B-lymphoblastoid cell line [13]. From the many

computational methods developed to detect TADs, the
Arrowhead is one of the most respected, specially for
the detection of hierarchical TAD structures with a high
resolution; see the following references for compari-
sons of algorithms [32—34]. Nevertheless, we would like
to point out that the Arrowhead obtains relatively small
TADs in comparison with other algorithms. Moreover, in
our analysis, we showed that it covers a 55% of the whole
genome. Also, a 26% of the total amount of protein cod-
ing genes are within no TAD of this cell line, due to the
fact that a gene is within a TAD only if its TSS is con-
tained within it (see "Methods"). Then, for generalizing
our results, it will be necessary to reproduce them using
TADs predicted by means of different algorithms, dif-
ferent cell lines and development conditions. Moreover,
even if the set of protein coding genes is the best studied



Muro et al. Epigenetics & Chromatin (2019) 12:72

in relation to human disease, it would be interesting to
extend our work to different types of genes, as well as
some other annotations that associate genes with human
disease.

We also observed that TADs containing more genes
have a higher total number of enhancers within the
TADs, but a lower a ratio of enhancers versus number of
genes within the TAD. We propose that the inverse vari-
ation observed in Fig. 2 is a consequence of gene regu-
latory complexity within TADs: TADs containing more
genes have a tendency to share enhancers, ultimately
resulting in a decreasing association of those genes with
disease.

Conclusion

Protein coding genes associated with human disease do
not distribute randomly over the TADs. A significant
higher association with disease is observed in TADs con-
taining less than three genes. Housekeeping genes are
less associated with disease and tend to be located within
TADs containing at least two more genes. Our observa-
tions have implications in the understanding of human
disease in relation to the distribution of human genes
over the chromatin structure, adding evidence in support
of TADs as regulatory units.

Methods

Protein coding genes

From all the different types of genes, this study focuses
on protein coding genes because it is the type of gene
that is best annotated in relation to human disease. A
reliable and well-annotated set of protein coding genes
has been used; from the set of 20,171 reviewed SwissProt
human entries [35], we selected those 18,823 proteins
with a high UniProt annotation score. That is, 14,871
and 3952 with evidence at the protein and transcript
level, respectively. Those inferred from homology (649),
predicted (121) or with uncertain evidence (578) were
not considered.

A total of 18,395 protein coding Gene IDs, from the
CTD comparative toxicogenomics database [36] are
already mapped by UniProt to their corresponding Swis-
sProt entries. CTD Gene IDs not annotated at the cur-
rent NCBI gene annotation database [37] or that could
not be mapped to Ensembl [38] or to Gencode v25 [39]
were not considered (see below in this "Methods" sec-
tion). Also, genes located at chromosome Y were dis-
carded for consistency with the Hi-C data from a female
donor cell line [13]. As a result, 18,141 reliable pro-
tein coding genes were considered (Additional file 10:
Table S1). For each gene, one transcription start site
(TSS) was considered, located at the 5’ end locus of the
gene [27, 28].
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NCBI gene identifiers

A total of 20,703 human protein coding gene identi-
fiers [37] were annotated and downloaded from the
NCBI website. From those, 19,135 have a mapping to
an ENSEMBL gene with ENSG-prefix.

Mapping to ENSEMBL/gencode

We used Gencode v19 (July 2013; ENSEMBL 74, 75)
as the latest release with annotations based on the
GRCh37/hgl9 genome version. For mapping genes,
we used a more recent version, Gencode v25, with
annotations on GRCh38/hg38 and the corresponding
mappings to GRCh37/hgl9 already provided. These
mappings are based on the UCSC genome browser Lift-
Over [40] at UCSC file gencode.v25lift37.annotation.
gtf.

Genes associated with diseases

The comparative toxicogenomics database (CTD,
update 2017 from http://ctdbase.org/ [36]) is nowa-
days a standard among the databases annotating genes
associated with diseases. CTD manually curates anno-
tations obtained from the peer-reviewed scientific lit-
erature and from the OMIM database [41]. The CTD
database is well maintained and monthly updated since
2006. We filtered out gene-disease associations based
on inferred data, considering only gene-disease associ-
ations with a direct evidence (6434 out of 18,141 genes
analyzed (35.46%); Additional file 10: Table S1).

Housekeeping genes

The detection of HKs is nowadays very accurate
because of the RNA-seq technology. HKs were obtained
from [42]. From our set of genes, 3650 (20.1%) are HKs
(Additional file 11: Table S2).

Topologically associating domains (TADs)

The human GM12878 contact matrix obtained for the
B-lymphoblastoid cell line from the Hi-C experiments
carried out by Rao et al. [13] is very accurate with 4.9
billion pairwise contacts at resolution of less than 1
Kbp. The Hi-C protocols and methods were based on
previous developments by the same group [11]. For
TAD detection, instead of the previous directional-
ity index method [12], the Arrowhead algorithm was
introduced [13]; it detects contact domains that are
considered as TADs. The benefits of Hi-C experiments
in terms of resolution and throughput, together with
the new Arrowhead algorithm, led to the most precise
TAD detection, with an unprecedented hierarchical
organization and a reduction of the mean TAD size to
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185 Kbp, from the previous 1 Mbp [12]. A compari-
son of different algorithms for TAD prediction can be
found in [32-34].

As a result, 9274 GM12878 TADs are well annotated,
on GRCh37/hgl9, with a resolution lower than 1 Kbp
(GEO accession id GSE63525).

TADs do not cover the whole genome. We have calcu-
lated the portion of the genome that is contained within
those TADs. Chromosome annotations were obtained from
the table chromInfo.txt (UCSC/hg19) and the chromosome
Y was excluded from the analysis because the Hi-C data was
obtained from a female donor. Moreover, the hierarchical
organization of TADs was considered, not counting more
than once in the case of TAD overlapping. As a result, 55%
of the genome is contained within the 9274 TADs.

The number of genes within TADs

Following previous studies [12, 28], we considered that a
TAD contains a gene only if the TSS of the gene is within
the TAD. As a result, from the total of 18,141 protein
coding genes analyzed, 13,423 (74%) are within TADs of
the B-lymphoblastoid cell line; that is, 4718 protein cod-
ing genes (26%) are within no TAD of this cell line. On
the other hand, from the total of 9274 TADs obtained
with the Arrowhead algorithm, 2,017 (21.7%) contain no
TSS of any protein coding gene. But, most of those over-
lap another part of at least one gene (of any type); only 88
TADs (< 1%) do not overlap any gene annotated by gen-
code v19.

Distance from gene TSSs to their closest TAD borders

For each TSS contained within a TAD, and for each TAD
containing any TSS, we calculated the distance (negative)
from the TSS to the closest TAD boundary. For TSSs
contained within no TAD, the distance (positive) to the
closest TAD boundary is taken. 13,423 TSSs (74%) are
within a TAD (Additional file 12: Table S3).

Enhancers

We used the 49,672 enhancers specific to the GM12878
cell line and annotated on GRCh37/hg19 from Enhancer-
Atlas 2.0 [26].

Supplementary information

Supplementary information accompanies this paper at https://doi.
0rg/10.1186/513072-019-0317-2.

Additional file 1: Figure S1. Distribution of the distances from the TSS of
genes to their closest TAD borders. The TAD borders are represented with a
vertical black line. Blue and salmon color represent HK and non-HK genes,
respectively. If the TSS is within a TAD a negative distance is calculated,
otherwise the distance is positive. Each bin represents 500 nt. Inset: the
density for the same data is shown. The preference of HKs toward the TAD
borders is significant (p-value =3 x 10™* Wilcoxon rank test).
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Additional file 2: Figure S2. Distribution of the distances from the TSS of
the genes to their closest TAD borders depending on the gene association
with disease. The TAD border is represented with a vertical black line.

Blue and salmon color represent genes associated and not with disease,
respectively. If the TSS is within a TAD a negative distance is calculated,
otherwise the distance is positive. a. HK genes. b. non-HK genes. Insets:
The densities for the same data is shown. Genes not associated with
disease have higher preference for TAD borders but this is only significant
for non-HK genes (p-value =9 x 10", Wilcoxon rank test).

Additional file 3: Figure S3. Number of TADs depending on the number

of genes within the TADs. The counts are displayed behind each bar. Many
TADs contain few genes and from a total of 9274 TADs, 2017 TADs (21.7%)

have no gene within them.

Additional file 4: Table S4. TADs that contain only one gene.

Additional file 5: Figure S4. Fraction of genes for HK and non-HK

genes associated with disease (ordinates) depending on the number of
genes contained within the TADs (n; abscissas); the numbers have been
aggregated for n> 6. The lower the number of genes inside the TAD

the higher fraction of the genes associated with disease: a. HK genes; a
p-value=3.6 x 10~° from a Chi-square test, comparing the number of
genes associated and non-associated with disease for the six TAD catego-
ries, was obtained. The green dotted line represents the genome-wide
fraction of HK genes associated with disease (0.309). b. non-HK genes; a
p-value=1.2 x 107 from a Chi-square test has been obtained. The green
dotted line represents the genome-wide fraction of non-HK genes associ-
ated with disease (0.366).

Additional file 6: Figure S5. Distribution of the number of enhancers
within TADs versus the number of genes contained within the TADs.
Mean and median values of each boxplot are shown by white diamonds
and black horizontal lines, respectively. The more genes within a TAD, the
larger the number of enhancers.

Additional file 7: Figure S6. Distribution of the ratios of the number of
enhancers to genes depending on the number of genes within a TAD.
Mean and median values of each boxplot are shown by white diamonds
and black horizontal lines, respectively.

Additional file 8: Figure S7. Mean ratios of the number of enhancers per
gene within the TADs versus the number of genes within the TAD associ-
ated with disease (0 <k <n), where n is the total number of genes within
the TAD. The value of n, which determines the TAD category, is repre-
sented for TADs with n=1, 2, 3, and 4 genes (red, blue, green and purple
lines, respectively). TADs with fewer TSSs have higher ratios of enhancers
to TSSs. Moreover, for each TAD category, the higher the number of genes
associated with disease, the higher the average number of enhancers per
gene.

Additional file 9: Figure S8. Distribution of TAD lengths depending on
the number of TSSs they contain. An horizontal black line indicates the
median for each TAD category.

Additional file 10: Table S1. The 18,141 different protein coding genes.
Each row has the following information in the columns: geneid, gene
locus, transcription starting site (TSS), and CTD gene association or not
with disease.

Additional file 11: Table S2. The 3650 different protein coding HKSs.

Additional file 12: Table S3. Distance of each TSS to the closest TAD bor-
der. The distance (negative) has been calculated for each TAD where the
TSS is contained. If the TSS is within no TAD the closest distance (positive)
to a TAD border has been calculated. Each entry of the table displays the
following information by columns: geneld, gene strand, gene locus, TSS of
gene, distance to the TAD border, and TAD.

Authors’ contributions

EM conceived and designed this study. EM implemented the experiments. EM,
MA, and Jl analyzed the data. EM wrote the first draft of this manuscript and
MA and JI made substantial contributions to the manuscript. All authors read
and approved the final manuscript.


https://doi.org/10.1186/s13072-019-0317-2
https://doi.org/10.1186/s13072-019-0317-2

Muro et al. Epigenetics & Chromatin (2019) 12:72

Funding

Permanent position salaries to E.M. and M.A.: Johannes Gutenberg University
of Mainz. Funding for open access charge: Johannes Gutenberg University of
Mainz.

Availability of data and materials
All the data used in this work are freely available in the corresponding Addi-
tional files.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 23 April 2019 Accepted: 19 November 2019
Published online: 05 December 2019

References

1. Bonev B, Cavalli G. Organization and function of the 3D genome. Nat Rev
Genet. 2016;17(11):661-78.

2. Lomvardas S, Barnea G, Pisapia DJ, Mendelsohn M, Kirkland J, Axel R.
Interchromosomal interactions and olfactory receptor choice. Cell.
2006;126(2):403-13.

3. Symmons O, Uslu W, Tsujimura T, Ruf S, Nassari S, Schwarzer W, Ettwiller L,
Spitz F. Functional and topological characteristics of mammalian regula-
tory domains. Genome Res. 2014;24(3):390-400.

4. Ron G, Globerson Y, Moran D, Kaplan T. Promoter-enhancer interactions
identified from Hi-C data using probabilistic models and hierarchical
topological domains. Nat Commun. 2017;8(1):2237.

5. Lettice LA, Horikoshi T, Heaney SJH, van Baren MJ, van der Linde HC,
Breedveld GJ, Joosse M, Akarsu N, Oostra BA, Endo N, Shibata M, Suzuki
M, Takahashi E, Shinka T, Nakahori Y, Ayusawa D, Nakabayashi K, Scherer
SW, Heutink P, Hill RE, Noji S. Disruption of a long-range cis-acting
regulator for Shh causes preaxial polydactyly. Proc Natl Acad Sci USA.
2002;99(11):7548-53.

6. Williamson |, Lettice LA, Hill RE, Bickmore WA. Shh and ZRS enhancer
colocalisation is specific to the zone of polarising activity. Development.
2016;143(16):2994-3001.

7. DengW, Lee J, Wang H, Miller J, Reik A, Gregory PD, Dean A, Blobel
GA. Controlling long-range genomic interactions at a native locus by
targeted tethering of a looping factor. Cell. 2012;149(6):1233-44.

8. CremerT, Cremer M. Chromosome territories. Cold Spring Harb Perspect
Biol. 2010;2:003889.

9. Yu M, Ren B.The three-dimensional organization of mammalian
genomes. Annu Rev Cell Dev Biol. 2017;33:265-89.

10. Dekker J, Rippe K, Dekker M, Kleckner N. Capturing chromosome confor-
mation. Science. 2002;295(5558):1306-11.

11. Lieberman-Aiden E, van Berkum NL, Williams L, Imakaev M, Ragoczy
T, Telling A, Amit |, Lajoie BR, Sabo PJ, Dorschner MO, Sandstrom R,
Bernstein B, Bender MA, Groudine M, Gnirke A, Stamatoyannopoulos J,
Mirny LA, Lander ES, Dekker J. Comprehensive mapping of long-range
interactions reveals folding principles of the human genome. Science.
2009;326(5950):289-93.

12. Dixon JR, Selvaraj S, Yue F, Kim A, Li Y, Shen Y, Hu M, Liu JS, Ren B. Topolog-
ical domains in mammalian genomes identified by analysis of chromatin
interactions. Nature. 2012;485(7398):376-80.

13. Rao SSP, Huntley MH, Durand NC, Stamenova EK, Bochkov ID, Robinson
JT, Sanborn AL, Machol I, Omer AD, Lander ES, Aiden EL. A 3D map of the
human genome at kilobase resolution reveals principles of chromatin
looping. Cell. 2014;159(7):1665-80.

14. Nora EP, Lajoie BR, Schulz EG, Giorgetti L, Okamoto |, Servant N, Piolot
T, van Berkum NL, Meisig J, Sedat J, Gribnau J, Barillot E, Bluthgen N,
Dekker J, Heard E. Spatial partitioning of the regulatory landscape of the
X-inactivation centre. Nature. 2012;485(7398):381-5.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

Page 9 of 10

. Krefting J, Andrade-Navarro MA, Ibn-Salem J. Evolutionary stability of

topologically associating domains is associated with conserved gene
regulation. BMC Biol. 2018;16(1):87.

. Symmons O, Pan L, Remeseiro S, Aktas T, Klein F, Huber W, Spitz F. The Shh

topological domain facilitates the action of remote enhancers by reduc-
ing the effects of genomic distances. Dev Cell. 2016;39(5):529-43.

. Hug CB, Grimaldi AG, Kruse K, Vaquerizas JM. Chromatin architecture

emerges during zygotic genome activation independent of transcription.
Cell. 2017;169(2):216-22819.

. Rowley MJ, Nichols MH, Lyu X, Ando-Kuri M, Rivera ISM, Hermetz K, Wang

P, RuanY, Corces VG. Evolutionarily conserved principles predict 3D chro-
matin organization. Mol Cell. 2017,67(5):837-8527.

. Krijger PHL, de Laat W. Regulation of disease-associated gene expression

in the 3D genome. Nat Rev Mol Cell Biol. 2016;17(12):771-82.

Mifsud B, Tavares-Cadete F, Young AN, Sugar R, Schoenfelder S, Ferreira
L, Wingett SW, Andrews S, Grey W, Ewels PA, Herman B, Happe S, Higgs
A, LeProust E, Follows GA, Fraser P, Luscombe NM, Osborne CS. Mapping
long-range promoter contacts in human cells with high-resolution
capture Hi-C. Nat Genet. 2015;47(6):598-606.

Loviglio MN, Leleu M, Mannik K, Passeggeri M, Giannuzzi G, van der

Wer |, Waszak SM, Zazhytska M, Roberts-Caldeira |, Gheldof N, Migli-
avacca E, Alfaiz AA, Hippolyte L, Maillard AM, 2p15 Consortium, 16p11.2
Consortium, Van Dijck A, Kooy RF, Sanlaville D, Rosenfeld JA, Shaffer LG,
Andrieux J, Marshall C, Scherer SW, Shen Y, Gusella JF, Thorsteinsdottir

U, Thorleifsson G, Dermitzakis ET, Deplancke B, Beckmann JS, Rougem-
ont J, Jacquemont S, Reymond A. Chromosomal contacts connect loci
associated with autism, BMI and head circumference phenotypes. Mol
Psychiatry. 2017;22(6):836-49.

Haliburton GDE, McKinsey GL, Pollard KS. Disruptions in a cluster of com-
putationally identified enhancers near FOXC1 and GMDS may influence
brain development. Neurogenetics. 2016;17(1):1-9.

Lupidnez DG, Spielmann M, Mundlos S. Breaking TADs: how alterations of
chromatin domains result in disease. Trends Genet. 2016;32(4):225-37.
Ibn-Salem J, Kéhler S, Love MI, Chung H-R, Huang N, Hurles ME, Haendel
M, Washington NL, Smedley D, Mungall CJ, Lewis SE, Ott C-E, Bauer S,
Schofield PN, Mundlos S, Spielmann M, Robinson PN. Deletions of chro-
mosomal regulatory boundaries are associated with congenital disease.
Genome Biol. 2014;15(9):423.

The Gene Ontology Consortium. The gene ontology resource: 20 years
and still GOing strong. Nucleic Acids Res. 2019;47(D1):330-8.

GaoT,He B, Liu'S, Zhu H, Tan K, Qian J. EnhancerAtlas: a resource for
enhancer annotation and analysis in 105 human cell/tissue types. Bioin-
formatics. 2016;32(23):3543-51.

Whalen S, Truty RM, Pollard KS. Enhancer-promoter interactions are
encoded by complex genomic signatures on looping chromatin. Nat
Genet. 2016;48(5):488-96.

Ibn-Salem J, Muro EM, Andrade-Navarro MA. Co-regulation of paralog
genes in the three-dimensional chromatin architecture. Nucleic Acids
Res. 2017;45(1):81-91.

Zhang L, Li W-H. Mammalian housekeeping genes evolve more slowly
than tissue-specific genes. Mol Biol Evol. 2004;21(2):236-9.

Lv W, Zheng J, Luan M, Shi M, Zhu H, Zhang M, Lv H, Shang Z, Duan L,
Zhang R, Jiang Y. Comparing the evolutionary conservation between
human essential genes, human orthologs of mouse essential genes and
human housekeeping genes. Brief Bioinform. 2015;16(6):922-31.
Lercher MJ, Urrutia AO, Hurst LD. Clustering of housekeeping genes pro-
vides a unified model of gene order in the human genome. Nat Genet.
2002;31(2):180-3.

Forcato M, Nicoletti C, Pal K, Livi CM, Ferrari F, Bicciato S. Compari-

son of computational methods for Hi-C data analysis. Nat Methods.
2017;14(7):679-85.

Dali R, Blanchette M. A critical assessment of topologically associating
domain prediction tools. Nucleic Acids Res. 2017,45(6):2994-3005.
Zufferey M, Tavernari D, Oricchio E, Ciriello G. Comparison of compu-
tational methods for the identification of topologically associating
domains. Genome Biol. 2018;19(1):217.

The UniProt Consortium. UniProt: the universal protein knowledgebase.
Nucleic Acids Res. 2017;45(D1):158-69.

Davis AP, Grondin CJ, Johnson RJ, Sciaky D, King BL, McMorran R, Wiegers
J, Wiegers TC, Mattingly CJ. The comparative toxicogenomics database:
update 2017. Nucleic Acids Res. 2017;45(D1):972-8.



Muro et al. Epigenetics & Chromatin (2019) 12:72

37.

38.

39.

Maglott D, Ostell J, Pruitt KD, Tatusova T. Entrez gene: gene-centered
information at NCBI. Nucleic Acids Res. 2011;39(Database issue):52-7.
Yates A, Akanni W, Amode MR, Barrell D, Billis K, Carvalho-Silva D, Cum-
mins C, Clapham P, Fitzgerald S, Gil L, Girén CG, Hourlier T, Hunt SE, Jan-
acek SH, Johnson N, Juettemann T, Keenan S, Lavidas I, Martin FJ, Maurel
T, McLaren W, Murphy DN, Nag R, Nuhn M, Parker A, Patricio M, Pignatelli
M, Rahtz M, Riat HS, Sheppard D, Taylor K, Thormann A, Vullo A, Wilder

SP, Zadissa A, Birney E, Harrow J, Muffato M, Perry E, Ruffier M, Spudich G,
Trevanion SJ, Cunningham F, Aken BL, Zerbino DR, Flicek P. Ensembl 2016.
Nucleic Acids Res. 2016;44(D1):710-6.

Harrow J, Frankish A, Gonzalez JM, Tapanari E, Diekhans M, Kokocinski

F, Aken BL, Barrell D, Zadissa A, Searle S, Barnes |, Bignell A, Boychenko

V, Hunt T, Kay M, Mukherjee G, Rajan J, Despacio-Reyes G, Saunders G,
Steward C, Harte R, Lin M, Howald C, Tanzer A, Derrien T, Chrast J, Walters
N, Balasubramanian S, Pei B, Tress M, Rodriguez JM, Ezkurdia |, van Baren J,
Brent M, Haussler D, Kellis M, Valencia A, Reymond A, Gerstein M, Guigé R,
Hubbard TJ. GENCODE: the reference human genome annotation for The
ENCODE Project. Genome Res. 2012;22(9):1760-74.

Page 10 of 10

40. Speir ML, Zweig AS, Rosenbloom KR, Raney BJ, Paten B, Nejad P, Lee BT,
Learned K, Karolchik D, Hinrichs AS, Heitner S, Harte RA, Haeussler M,
Guruvadoo L, Fujita PA, Eisenhart C, Diekhans M, Clawson H, Casper J,
Barber GP, Haussler D, Kuhn RM, Kent WJ. The UCSC genome browser
database: 2016 update. Nucleic Acids Res. 2016;44(D1):717-25.

41. Amberger JS, Bocchini CA, Schiettecatte F, Scott AF, Hamosh A. OMIM.
org: online mendelian inheritance in man (OMIMR), an online catalog of
human genes and genetic disorders. Nucleic Acids Res. 2015;43(Database
issue):789-98.

42. Eisenberg E, Levanon EY. Human housekeeping genes, revisited. Trends
Genet. 2013,;29(10):569-74.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	The distributions of protein coding genes within chromatin domains in relation to human disease
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	The distance to the TAD border
	Dependence between the number of genes associated with disease and the number of genes contained in TADs

	Discussion
	Conclusion
	Methods
	Protein coding genes
	NCBI gene identifiers
	Mapping to ENSEMBLgencode
	Genes associated with diseases
	Housekeeping genes
	Topologically associating domains (TADs)
	The number of genes within TADs
	Distance from gene TSSs to their closest TAD borders
	Enhancers

	References




