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Evolutionary analysis of gene ages across TADs
associates chromatin topology with whole-genome
duplications
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born before or during the vertebrate
whole-genome duplications tend to co-
localize in TADs that rarely contain
younger genes. They show that TADs
enriched in old or young genes have
unexpected differential characteristics.
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SUMMARY

Topologically associated domains (TADs) are interaction subnetworks of chromosomal regions in 3D ge-
nomes. TAD boundaries frequently coincide with genome breaks while boundary deletion is under negative
selection, suggesting that TADs may facilitate genome rearrangements and evolution. We show that genes
co-localize by evolutionary age in humans and mice, resulting in TADs having different proportions of
younger and older genes. We observe a major transition in the age co-localization patterns between the
genes born during vertebrate whole-genome duplications (WGDs) or before and those born afterward. We
also find that genes recently duplicated in primates and rodents are more frequently essential when they
are located in old-enriched TADs and interact with genes that last duplicated during the WGD. Therefore,
the evolutionary relevance of recent genes may increase when located in TADs with established regulatory
networks. Our data suggest that TADs could play a role in organizing ancestral functions and evolutionary

novelty.

INTRODUCTION

Recent advances in understanding the modular organization of
chromatin are beginning to shed light on the local context within
which genes are situated, thanks to the development of chromo-
some conformation capture (3C) techniques.’ In 3C data, we
can see that chromosomes are composed of sets of neighboring
genes and regulatory regions that tend to preferentially interact
with each other in three-dimensional (3D) space, called topolog-
ically associated domains (TADs).

Accumulating data suggest that TAD boundaries could
amount to important functional elements, providing a modular
system that might enhance the evolvability of genomes. Recent
work has shown that synteny breakpoints between different
mammals®* and flies® are enriched at TAD boundaries. Certain
classes of paralog protein-coding genes have been shown to
co-localize within TADs and partially share regulatory elements
in mammals,®’ and clusters of conserved non-coding elements
of key developmental genes coincide with TADs in humans and
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flies.® TAD boundaries are evolutionarily constrained,® and their
deletion is under negative selection.'®!" Interestingly, a compar-
ison of linkage disequilibrium blocks and TADs revealed that TAD
boundaries do not coincide with recombination hotspots, sug-
gesting that recombination might be deleterious at these re-
gions."? Taken together, these results indicate that TAD bound-
aries are conserved but breakable,’® facilitating genome
rearrangements during evolution while preserving intra-TAD
functional and regulatory interactions. They also support the
integrative breakage model of genome evolution,'* where chro-
matin conformation facilitates genome reorganization during
evolution.

Evolution is not just driven by rearrangements of the 3D struc-
ture of the genome; gene duplication events also play a role in
evolution. Most gene duplication events affect genomic regions
containing one or a handful of genes, but whole-chromosome
and whole-genome duplications (WGDs) can also occur and
be important drivers of evolution.'*'® There has been at least
one WGD event (but most likely two) in the ancestor of
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Figure 1. Diagrams showing how gene ages
are dated

(A) Toy gene tree illustrating how the gene age
corresponds to the last common ancestor for
singleton genes.

(B) Toy gene tree illustrating how the gene age
corresponds to the most recent duplication node
for duplicated genes. As for singleton genes, the
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vertebrates, and the majority of genes duplicated during this
event present in extant vertebrates have not duplicated
since.'”~"® More recently, it has been shown that the expansion
of many gene families after the WGDs was frequently associated
with gene specialization, evidenced by restricted expression and
recruitment of novel, tissue-specific regulatory elements con-
tributing to the increase in the regulatory complexity in
vertebrates.?’

Gene duplication events (whether individual genes or WGDs)
can allow us to determine the evolutionary “age” of a gene based
on its most recent duplication event.?’ The function, expression
patterns, and protein-protein interactions of genes are associ-
ated with their age, where older genes more frequently perform
essential functions, are expressed in more cell types, and
show more interactions.?”>* Evolutionarily old genes are more
likely to be essential genes,?**° but we still do not understand
the role genome architecture may play in the acquisition of
essential functions.

Here, we investigated whether protein-coding genes that
share a TAD had also originated around the same evolutionary
time (and thus share the same evolutionary age). We show
how gene age is non-randomly distributed in the human and
mouse genomes, where genes within the same TAD tend to
have similar gene ages. This gene age co-localization is lost in
those TADs containing more inter-TAD interactions in the 3D
genome; these TADs also tend to be enriched in young genes.
TADs enriched in genes born before or during the WGDs tend
to co-localize in TADs that rarely contain younger genes, but
when they do, the young genes are more likely to be essential
than expected by chance and show more 3D chromatin interac-
tions with older essential genes. Overall, we uncover an intimate
relationship between genome architecture and gene evolution,
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There are two main ways to define the

age of a gene. First, we can define how
old a gene is by looking for homologs in other species (with
sequence similarity searches such as BLAST) and defining the
gene age by the last common ancestor of the species where ho-
mologs are found (Figure 1A). In reality, this approach is helpful in
estimating the age of the gene family: the age of the root of the
phylogenetic gene tree.”' To estimate the age of each individual
gene within a gene family, we can consider when was the last
time that the gene was involved in a gene birth event (Fig-
ure 1B),?” where the most common mechanism is gene duplica-
tion. In this definition, both parental and daughter genes share
the age of the corresponding duplication event.

Human and mouse protein-coding genes were classified
into 11 age groups based on each gene’s most recent gene
birth event®®?° using gene trees retrieved from Ensembl®°
(Figures 1C; Table 1). Ten age groups correspond to shared an-
cestors between humans and mice (from Fungi-Metazoa to Eu-
theria), while the youngest age group in each species corre-
sponds to primate (in humans) or rodent (in mice) gene births;
see Table 1 and STAR Methods for more details.

For each age group in humans, we computed the frequencies
of finding genes of every other age in the same TAD using TAD
maps available from human embryonic stem cells (hESCs; key
resources table).’’ We used data from ESCs because they
perform some of the oldest functional processes in eukaryotic
evolution, such as symmetric and asymmetric cell division, and
they themselves constitute one of the evolutionarily older cell
types in multicellular organisms.®*** To test the significance of
this age co-localization, we calculated the p values for the prob-
ability of finding gene pairs having each combination of ages (i.e.,
the probability of obtaining a gene of age i in the same TAD by
chance when selecting a gene of age j). To calculate these p
values, we considered the null hypothesis to be the distribution
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Table 1. Gene ages used in this study, including the abbreviations used in some figures, number of human and mouse genes in each
age group, and the evolutionary time periods covered (in millions of years)

Gene age Abbreviation Human genes Mouse genes Time periods (Mya) Age groups
Fungi-Metazoa FungM 1,135 1,139 1,270 old genes
Bilateria Bilat 2,975 3,044 1,270-680 old genes
Chordata Chord 1,184 1,236 680-586 old genes
Euteleostomi Eutel 8,647 8,662 586-431 old genes (WGDs)
Sarcopterygii Sarcop 190 191 431-414 middle-age genes
Tetrapoda Tetra 160 156 414-353 middle-age genes
Amniota Amnta 422 434 353-319 middle-age genes
Mammalia Mamml 384 377 319-180 middle-age genes
Theria Thria 526 542 180-160 middle-age genes
Eutheria Euthr 946 828 160-94 middle-age genes
Primates PrmtSp 1,255 not applicable 94-0 young genes
Rodents RdnSp not applicable 4,713 94-0 young genes

Euteleostomi genes (in bold) correspond to those born during the WGDs. All ages are shared between human and mouse, except primates (primates

specific, or PrmtSp, in human) and rodents (rodent specific, or RdnSp, in mouse). See STAR Methods and key resources table for details.

of these probabilities when randomizing the ages of the genes
(and hence across TADs; see Figures 2A and S1 and STAR
Methods). To visualize the p values, we generated a matrix
showing the probability of finding each combination of gene
ages (Figure 2B).

The age co-localization results show that gene ages are not
distributed randomly in the TADs of the human genome
(Figures 2B, left, and S2). For the sake of simplicity, we merged
gene ages into three major groups: old (genes not duplicated
since the WGDs with Euteleostomi or older ages), middle-age
(from Sarcopterygii to Eutheria) and young (primates, or rodents
in the case of mouse; see Figure 1C for details) genes. Surpris-
ingly, our analysis shows a clear co-localization pattern accord-
ing to two gene age groups. The old genes are significantly co-
localized within the same TADs. However, they share TADs
with middle-aged and young genes less often than expected
by chance. In contrast, we see significant TAD co-localization
of young and middle-aged groups (Figure 2B).

To further test the observed pattern of gene age co-localiza-
tion, we randomized the age labels of each gene and repeated
the analysis. We observed no age co-localization when age la-
bels were randomly assigned (Figures 2B, right, and S3). This
suggests that the co-localization effect we saw between old
gene ages (Fungi-Metazoa to Euteleostomi) on the one hand
and between middle-aged to young genes on the other hand
was not random but instead an effect of genome structure.

To assess whether this result is ESC specific or depends on
the TAD definitions used (which can vary depending on the
TAD-calling method),"*® we performed the same analysis using
independently defined TAD maps from different cell types: hu-
man B cell-derived lymphoblastoid GM12878 cells (derived
from the highest-resolution HiC data in humans to date),*®
monocytes, neutrophils, and naive CD4 T cells®” (key resources
table). In all these cases, two very similar age co-localization
groups were also observed (Figures S4 and S5).

Within the group of old genes (see Figure 1C), Euteleostomi
genes (or ohnologs) are the most recent, corresponding to

gene duplications that resulted from WGDs that occurred at
the origin of the ancestral vertebrate genome.'”~'° If the marked
gene age co-localization we observed in humans is associated
with the gene birth events before and after the WGDs, then we
would expect to see a similar pattern in the mouse genome (as
they share all the gene ages until the primates-rodents split).

Therefore, we performed the same analysis using mouse
genes and TADs from mouse ESCs (derived from the highest-
resolution HiC data in mouse to date®®; key resources table).
Interestingly, a very similar significant pattern was observed in
the mouse (Figure 2B, bottom left) that disappeared when the
age labels were randomized (Figure 2B, bottom right). It is partic-
ularly remarkable that primate and rodent genes show the same
pattern, although they represent independent gene birth events.

In summary, the results in both species show that there is a
major transition in the TAD co-localization patterns prior to Sar-
copterygii, coinciding with the time when the two rounds of
WGDs are thought to have occurred.'®

Gene age co-localization is stronger in TADs than in
fixed-size partitions of the human genome

As genes within the same TAD are close to each other, we need
to consider that the observed co-localization of gene ages could
be TAD independent. To test this alternative hypothesis, we
divided the human genome into windows of fixed size, using
different sizes (ranging from 20 kb to 50 Mb), and repeated the
analysis for each window size (Figure 3). For each window size,
we generated a corresponding matrix of p values and generated
a heatmap. A visual comparison of the results obtained suggests
that fixed windows in the size range of TADs (300 kb to 1 Mb)
show similar patterns of co-localization but are less evident
than real TADs (Figure 3).

To quantitatively compare the results of different windows
and real TADs, we calculated the similarity (Euclidean distance)
of each observed matrix of p values to an extreme pattern
of co-localization where genes perfectly cluster in either the
four older (Fungi-Metazoa-Euteleostomi) or seven younger
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Figure 2. Genes co-localize by age in TADs

(A) Cartoon representing three TADs and their genes. In the co-localization analysis, genes are kept in their original locations, and gene age labels are randomly

relocated.

(B) Representation of the matrices displaying the evidence that genes with any combination of two ages are found together in the same TAD by using the natural
cologarithm of the p value, using a positive (negative) sign when this is higher (lower) than expected. Increasing intensities of red (blue) show increasing evidence
that the combination is found together more often (less often) than expected by chance, with white representing that the match found is exactly as expected by
chance. See Table 1 for the correspondence between abbreviated and full gene ages. The color legend next to the abbreviated age names indicates the three
gene age groups depicted in Figure 1C; the gene age corresponding to the whole-genome duplication (WGD) is indicated with black horizontal and vertical lines.
Left: observed p values for human and mouse. Right: representative results of the same operation after randomizing 100 times the age labels of each gene (so
each age group keeps the same number of genes but just assigned randomly).

(Sarcopterygii-primates) age groups. The Euclidean distance
between two numeric matrices is a measure of the straight-line
distance between their respective points in the multidimensional
space defined by the matrices’ rows or columns (STAR
Methods). This approach showed that the matrix with co-locali-
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zation p values obtained with the TADs has a shorter Euclidean
distance (meaning a higher similarity) than any fixed-size win-
dows, indicating that the co-localization pattern is stronger in
TADs. Therefore, the observed results cannot be simply ex-
plained by the linear proximity of genes.
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Figure 3. Comparison of co-localization of
genes of different ages in both TADs and
fixed-size windows

Each heatmap at the bottom represents the gene
age co-localization p values (see color legend and
more details in Figure 2) obtained using the fixed-
size windows of the indicated sizes—from 20 kb to
50 Mb. The heatmap with p values obtained with
the hESC TADs (same as in Figure 2) is included for
comparison. The points in the graph show the
quantitative comparison of the p value matrices
with a reference matrix (top right) that represents
an extreme two-group co-localization pattern. The
y axis indicates the Euclidean distance of each real
p value matrix to this reference. The x axis repre-
sents the size of the fixed-size window used (and
the ranges of sizes for TADs).
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We found that the 20 Kb and 50 Mb windows had the highest
Euclidean distances. In the case of the 50 Mb window, the win-
dow covers the whole chromosome for some of the shorter chro-
mosomes, and so the co-localization pattern that emerges is
more likely representing the co-localization of gene ages by
chromosome. In the case of the 20 Kb window, the window is
so small that it does not capture many genes at once and thus
does not generate many meaningful comparisons.

Gene age co-localization patterns are related to TAD
insulation

TAD boundaries can show different degrees of insulation®: the
higher the insulation, the fewer inter-TAD interactions are
observed (Figure 4A). Boundaries with higher insulation are
generally associated with more CTCF binding*®*' and are
thought to prevent undesired enhancer-promoter interactions
between different neighboring regulatory programs.*” To further
investigate the connection of gene age co-localization with TAD
structure, we studied its relation to the insulation of TADs. For
this, we used the TAD boundary insulation scores calculated
by Gong and co-workers™® using the high-resolution HiC
data®® of the human lymphoblastoid cell line GM12878 (key re-
sources table). We calculated a TAD insulation score by aver-
aging the insulation scores of their boundaries and then divided
the TADs into five quintiles based on their insulation (from very
low to very high; Figure 4B). We found that the gene age co-local-
ization pattern was different depending on the TAD insulation
strength, which was almost lost in the two groups with the lowest
insulation strength (Figure 4B). Interestingly, the strongest two-
group pattern was observed in those TADs with intermediate
insulation. High and (especially) very high show a stronger co-
localization pattern near the diagonal, showing a higher resolu-
tion of the gene age co-localization and suggesting different
gene birth dynamics.

The gene age co-localization patterns can also be affected by
other factors that might vary among these five groups of TADs,
such as the size of the TADs or their number of genes. Therefore,
we decided to investigate the characteristics of TADs with

40 50

differing insulation strengths. We obser-

ved that more insulated TADs tend to be
significantly smaller (p = 4.33 x 10~'2, comparison between
the very low and very high insulated groups; Figure 4C) but
have a significantly higher gene density (p < 2.2 x 107'®; Fig-
ure 4D). Next, we analyzed how the youngest genes born during
the primates lineage varied among the TAD insulation groups:
Young genes are relatively more enriched in more insulated
TADs (p < 2.2 x 1078, Figure 4D). In summary, these results
show that the more insulated TADs are, the more gene density
they have in general, but they also have a relatively higher pro-
portion of young genes. The combination of these properties
probably contributes to the differences in gene age co-localiza-
tion patterns associated with the TAD insulation strength.

TAD boundaries can be stable or conserved across many cell
types or can be restricted to one or a few cell types. By analyzing
the TADs in 37 human cell types, it has been shown that the TAD
boundaries that are more stable across cell types are associated
with higher evolutionary constraints, CTCF binding, and house-
keeping genes.’ Therefore, to further study the observed conser-
vation of the co-localization pattern in different cell types, we
investigated if human TAD stability® (key resources table) was
associated with different proportions of gene ages. We consider
TADs to be stable if their boundaries are shared among at least 5
cell types, while the boundaries of unstable TADs are shared by 4
cell types or less, as this threshold splits the distribution into two
groups of similar size (see STAR Methods). We compared the ra-
tio of old-depleted TADs (those that contained less than 10% of
old genes) between stable and unstable TADs and found that un-
stable TADs have a significantly higher ratio of old-depleted TADs
(Figure S6). In other words, TADs unusually rich in young (primate)
and middle-age genes tend to be less stable across cell types.

Essential young genes are associated with TADs
enriched in old genes

Evolutionarily old genes are more frequently expressed across
cell types and are more often classified as “essential” than
younger genes.”>?® Essential genes are required for growth,
development, and reproduction, either at the cellular level or at
the whole-organism level,>>** and loss of function of these
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Figure 4. TAD boundary insulation is associated with gene age co-localization patterns
(A) Cartoon illustrating TAD boundary insulation; the more inter-TAD 3D interactions that occur, the lower the insulation strength between two neighboring TADs.
(B) Co-localization p values obtained for the five groups of TADs of GM12878 lymphoblastoid cells, based on their boundary insulation strength. For details, see

Figure 2 and its legend.
(C) TAD size distributions for the five insulation groups of TADs in (B).
(D) Distributions of the number of genes per TAD insulation group.

(E) Percentage of young (primates) genes for the five TAD insulation groups. Error bars indicate the standard errors.

Significance of Wilcoxon’s (C and D) and chi-squared (E) tests: **p < 0.001.

genes can compromise the viability or fithess of the organ-
ism.?>?% It is assumed that the reason that evolutionarily older
genes are more likely to be essential is due to older non-essential
genes gradually being removed by evolution. However, it is still
unclear how some young genes become essential. We therefore
chose to investigate the differences in TAD environments be-
tween essential young genes and non-essential young genes
to understand whether TAD location may influence the probabil-
ity of young genes becoming essential.

We examined how the proportion of essential genes in a TAD
varied depending on the ages of the genes within the TAD. We
used the database of Online Gene Essentiality** (key resources
table) to determine whether each gene was essential or not. As
expected, as a TAD increases in the proportion of young genes,
it decreases in the proportion of essential genes, while the oppo-
site was true for the proportion of old genes (Figure 5A).

Next, we investigated if young essential genes were enriched
in TADs with other young genes or with older ones. For this, we
focused our analyses on two types of TADs: “old-enriched
TADs,” in which at least 50% of the genes were old (Euteleos-
tomi or older; Figure 1C), and “young-enriched TADs,” in which
at least 50% of the genes were primate (in human) or rodent (in

6 Cell Reports 43, 113895, April 23, 2024

mouse). We grouped the genes in these TADs depending on
whether they were young genes in young-enriched TADs, young
genes in old-enriched TADs, old genes in young-enriched TADs,
or old genes in old-enriched TADs and calculated the proportion
of genes in each group that were essential (Figure 5B). We then
carried out chi-squared tests between each group to determine if
there were any significant differences.

We found in both the mouse and the human dataset that young
genes in young-enriched TADs were less likely to be essential
than young genes in old-enriched TADs (humans: p = 5.54 x
1073, mice: p = 1.29 x 107%), while the frequency of essential
old genes was similar in young-enriched and old-enriched
TADs (humans: p = 1, mice: p = 4.49 x 10~2). These data suggest
that the age of neighboring genes can help determine whether or
not a young gene is essential or functionally important, while for
old genes, the age of the neighboring genes does not seem to be
informative (Figure 5B).

Essential young genes show more 3D interactions with
old genes and other essential genes

The enrichment of essential young genes in old-enriched TADs
could be associated with its incorporation with evolutionary
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Figure 5. Different proportions of young genes, old genes, and essential genes across TADs in mice and humans

(A) Variation of the percentage of essential genes in comparison to the percentage of old genes. Left: mouse; right: human.

(B) Percentage of essential genes across four gene groups—young genes in young-enriched TADs, young genes in old-enriched TADs, old genes in young-
enriched TADs, and old genes in old-enriched TADs. Left: mouse; right: human. The asterisks indicate the p values when carrying out chi-squared tests between
the different groups. Significance of chi-squared tests: *p < 0.05, **p < 0.01, and ***p < 0.001 (ns, non-significant).

older regulatory networks, which would result in an increased
number of chromatin 3D interactions with older genes. To
explore this hypothesis, we analyzed publicly available high-res-
olution promoter-capture HiC (PCHi-C) networks from mouse*®
and human cells®” (key resources table). Each network consists
of nodes that represent the PCHi-C fragments and edges that
represent their interactions.*® To compare the interactions of
young essential genes with those of young non-essential genes,
we constructed a subnetwork from the PCHi-C data in each spe-
cies, keeping only interactions that involve nodes with lineage-
specific genes (STAR Methods). From there, the subnetwork
was divided into two further subnetworks: one subnetwork
where every pair of interacting nodes contained a node with an
essential young gene and a second subnetwork where every
pair of interacting nodes contained a node with a non-essential
young gene. For both subnetworks, we looked at the age and es-
sentiality of the interactors (Figure 6A).

We found that essential young genes have more chromatin in-
teractions with old genes than non-essential young genes in both
mice (p = 7.7 x 107°%) and humans (p = 9.2 x 102"). Essential
rodent and primate genes also showed significantly higher inter-
actions with other essential genes, and a similar trend was
observed when we looked at interactors that were both old and
essential (Figure 6A). These results suggest that, independently

of any definition of TADs, 3D interactions with old and/or essen-
tial genes are associated with a higher probability of a young
gene being essential. Although we do not know how many of
these physical interactions are actually regulatory, these enrich-
ments suggest that young essential genes have a higher proba-
bility of being co-regulated with old and/or essential genes.

Zinc-finger protein 141 (ZNF141) is a representative example
of a young human essential gene (based on CRISPR-Cas9
screening data)* located in a TAD rich in old genes; out of the
27 genes in the TAD, 22 (81.5%) are aged Euteleostomi or older
(Figure 6B). This TAD is in the telomeric region on chromosome
4p16.3 and contains another 4 essential genes, three of which
are directly interacting with ZNF141 in hESC DNAse HiC
data®': MAEA (Bilateria), GAK (Euteleostomi), and ZNF721 (pri-
mates). Interestingly, mutations in ZNF141 have been shown to
be associated with postaxial polydactyly type A malformation
characterized by well-formed functionally developed 5th digit
duplication in hands and/or feet.*”

DISCUSSION
Genes co-localize in the genome by age

Previous works have shown that synteny breakpoints in mam-
mals®* and flies® tend to be located near TAD boundaries.
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below 0.001.

(B) HiC interaction network for the TAD containing ZNF141. Nodes represent genes within the TAD, while the edges represent the interactions between the genes.
Essential genes are represented with a large node, while non-essential genes are represented with a small node. Black edges represent interactions involving
ZNF141. The age of a gene is represented by the color of the node.
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Although we still do not know what are the underlying causes
that explain these observed correlations, it is tempting to spec-
ulate that regulatory or functional interactions within some
TADs might be important to maintain. Indeed, other independent
works have reported that TAD boundaries show evolutionary
constraints.”""

Here, we have found that the TADs in human and mouse ge-
nomes coincide with clusters of genes that are close in their
evolutionary age. The local expansion of duplicating gene fam-
ilies is probably a key factor contributing to the co-localization
of younger genes. It is possible that the structure of TADs that
are rich in old genes is under negative selection and that the
birth of new genes there is detrimental. This might have been
important at least right after the WGDs and then promoted
by the local expansions of genes afterward, which tend to
accumulate in error-prone late-replicating regions of the
genome.”® Of course, this observation does not imply any
causative relationship between the WGDs and TAD structure,
as many other factors could have contributed to these gene
age co-localization patterns. However, our results suggest
this is an intriguing hypothesis that deserves to be investigated
in the future.

Ohnolog pairs have been shown to exhibit higher spatial
proximity in 3D nuclear organization than other paralog pairs.*®
Taken together with our own data, these observations suggest
that the constraints of the WGDs could have influenced the
genome architecture in mammalian genomes. Our results
comparing the co-localization of gene ages in TADs and win-
dows of fixed sizes indicate that the TAD structure may poten-
tially be playing a role in the observed gene age distribution.
These results show the gene age co-localization is stronger
when using TADs than when we used fixed-size windows of
different sizes, suggesting that there is a significant association
between TAD locations and gene age distribution in the
genome. As the main difference we observe is between genes
born during the WGDs (Euteleostomi) or earlier, we can specu-
late that TAD structure could have helped to maintain regulato-
ry interactions among genes within old-gene-rich TADs and
buffer, to some extent, the effect of regulatory interactions
with younger genes. However, it is important to note that we
only explored chromatin physical interactions, and future
perturbation experiments will be needed to determine which
ones are actually regulatory.

Another possibility is that the lower rates of mutations and
copy-number variants in early-replicating TADs, rich in old
genes, reduce the probability of genes being born there, inde-
pendently of negative selection biases. Early-replicating TADs
are expected to have more efficient DNA repair’® to reduce the
probability of having damaging mutations; the low frequency of
young genes in these TADs there might be a secondary effect
of a lower mutation rate in these regions. Future availability
of TADs in a wider diversity of species will allow us to investi-
gate the conservation of these TADs and their chromatin
interactions.%~>?

Interestingly, we noticed that gene age co-localization pat-
terns vary depending on TAD insulation and that the co-localiza-
tion is actually not observed in lowly insulated TADs. In contrast,
very highly insulated TADs are more enriched in recently born

¢ CellP’ress

OPEN ACCESS

genes, and genes there tend to co-localize more with genes
born immediately before or after them. This could reflect a
more dynamic evolutionary history in these TADs, an interpreta-
tion that is compatible with the higher gene density that we have
observed on them. We also found that more insulated TADs tend
to be smaller despite showing higher gene density, suggesting
that it might be more complicated to insulate larger regions. A
recent comparative analysis of TADs in 4 different primates
and 4 different rodents identified ultraconserved TADs shared
by humans and the other 7 species.’ Interestingly, these ultra-
conserved TADs show higher insulation strength and contain
genes with cell-type-specific patterns.

The essentiality of genes varies by gene age

The enrichment of young essential genes in old-enriched TADs
could be associated with different factors: the higher probability
of the chromatin in these TADs to be open, functional relation-
ships with the same essential processes where their neighbors
are involved, or new regulatory and/or structural roles keeping
the integrity of the 3D structure. Indeed, the potential ability of
TADs to encapsulate regulatory environments might allow
them to preserve, and might protect them from, the rise of other,
younger environments.

Some of these young essential genes could indeed have orig-
inated from parental genes that were already essential in the
ancestral species; in this case, the essentiality itself would be
older than the gene age. Moreover, enhancers have been shown
to be a possible substrate for the origin of new genes,**>° and it
is also possible that the essentiality retrieved from CRISPR
screens is actually capturing the essentiality of the regulatory
role of the genomic regions. Indeed, promoters with enhancer
function of interferon signaling response have been shown to
be more conserved than other, non-enhancer genes belonging
to the same pathway."®

Conclusion

Ultimately, our findings have a simple but very important implica-
tion: TADs can be classified by the age of their genes. This can
be useful to study the evolution of different biological processes,
such as regulatory modules of development, cell-type ontog-
enies, or cancer. Here, we explored the relationship between
TADs, gene age, and gene essentiality, showing that young
essential genes tend to be located in TADs rich in genes that
are older than them. This could help with prioritizing the study
of genes of unknown function by taking into account the age of
their neighbors.

Limitations of the study
The estimation of gene ages of human and mouse genes de-
pends on the quantity and variable quality of species genome as-
semblies and gene annotations available, as well as the quality of
automatic gene tree reconstructions. Initiatives such as the Earth
Biogenome Project®” will help to have better species coverage
and finer resolution of gene ages. However, this will come with
additional computational challenges associated with gene tree
reconstructions.

This study is also limited to the HiC-derived TAD datasets from
humans and mice that were generated by different laboratories
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and processed in different ways. Analyzing more TAD data from
HiC uniformly processed and harmonized for different cell types
across more mammalian species, together with the availability of
age data for the different species in the future, will enable us to
explore whether the results are consistent across more cell types
and species.’*™?
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Deposited data

Human gene ages This paper https://github.com/ricolab/TAD_Evolution/blob/v1.0.0/data/
Gene_Ages/Human/Ages.csv

Mouse gene ages This paper https://github.com/ricolab/TAD_Evolution/blob/v1.0.0/data/
Gene_Ages/Mouse/MiceAges.txt

hESC DNase TADs Ma et al.®' https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE56869

mESC TADs

GM12878 original TADs

GM12878 redefined TADs with
insulation scores

TADs from monocytes

TADs from neutrophils

TADs from CD4 T cells

TAD boundary stability across
cell types (100Kb)

Gene essentiality data

PCHi-C - Human CD8 T cells
PCHi-C - Mouse mESCs

Bonev et al.*®

Rao et al.*®

Gong et al.*®

Javierre et al.®’

Javierre et al.®”

Javierre et al.®’

McArthur and Capra®

Chen et al.**

Javierre et al.®”

Schoenfelder et al.*®

and https://github.com/ricolab/TAD_Evolution/blob/v1.0.0/
data/TAD_maps/hESCTADs.tsv
https://www.ncbi.nim.nih.gov/geo/query/acc.cgi?acc=GSE96107
and https://github.com/ricolab/TAD_Evolution/blob/v1.0.0/
data/TAD_maps/mESCTADs.tsv
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi

and https://github.com/ricolab/TAD_Evolution/blob/v1.0.0/
data/TAD_maps/GSE63525_GM12878_primary%2Breplicate_
Arrowhead_domainlist_sorted_noNested.txt
https://github.com/ricolab/TAD_Evolution/blob/v1.0.0/data/TAD_
insulation/boundary-strength.tgz

https://osf.io/u8tzp/and https://github.com/ricolab/TAD_Evolution/
blob/v1.0.0/data/TAD_maps/TADs_Mon_mean_merged.bed
https://osf.io/u8tzp/and https://github.com/ricolab/TAD_Evolution/
blob/v1.0.0/data/TAD_maps/TADs_Neu_mean_merged.bed

https://osf.io/u8tzp/and https://github.com/ricolab/TAD_Evolution/
blob/v1.0.0/data/TAD_maps/TADs_nCD4_mean_merged.bed
https://github.com/emcarthur/TAD-stability-heritability/tree/master/
data/boundariesByStability and https://github.com/ricolab/
TAD_Evolution/tree/v1.0.0/data/TAD_stability_across_cell_types
http://v2.ogee.info/browse/ and https://github.com/ricolab/
TAD_Evolution/blob/v1.0.0/data/Gene_Essentiality/gene_essentiality.txt
https://osf.io/u8tzp/

EBI ArrayExpress: E-MTAB-2414 https://www.ebi.ac.uk/biostudies/
arrayexpress/studies/E-MTAB-2414

Software and algorithms

igraph

Gene age colocalization
biomaRt

ggplot2

Gene essentiality enrichments

Csardi et al.”®
This paper
Durinck et al.>®%°
Wickham,®’

This paper

https://dx.doi.org/10.5281/zenodo.7682609
https://github.com/ricolab/TAD_Evolution/tree/v1.0.0/colocalisation_pValues
https://bioconductor.org/packages/release/bioc/html/biomaRt.html
https://ggplot2.tidyverse.org/

https://github.com/ricolab/TAD_Evolution/tree/v1.0.0/TAD_
Age_and_Essentiality_Analysis
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Data and code availability
® This paper analyses existing, publicly available data. These accession numbers for the datasets are listed in the key resources
table.
® All original code has been deposited at https://github.com/ricolab/TAD_Evolution and https://doi.org/10.5281/zenodo.
10067329 and is publicly available as of the date of publication. DOls are listed in the key resources table.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

METHOD DETAILS

Dating ages in genes

An age was assigned to mouse and human genes using Ensembl (version 74) gene trees®° as described before and illustrated in
Figures 1A and 1B. Our definition of gene age tries to date the last time a gene was involved in a gene birth event. In the case of genes
that have been duplicated (according to the Ensembil trees, Figure 1B), we consider the node of their most recent duplication -
accordingly, daughter genes will have the same age (if none of them are involved in more recent duplication). In the case of singleton
genes (i.e., those without detectable duplicates), we consider their gene age as the last common ancestor of all species that have
orthologs (Figure 1A). In other words, the gene age is the gene family birth event (see review by Capra and coworkers®' about different
ways to date gene ages).

The age groups Simiiformes, Catarrhini, Hominoidea, Hominidae, HomoPanGorilla and Homo sapiens were collapsed into Primate
genes; while Rodent-specific merges Glires, Rodentia, Sciurognathi, Murinae and Mus musculus (here, we decided to name this
group as Rodent because only the birth of 14 mouse genes were dated as Glires). Ten of the age groups correspond to the same
ancestors in humans and mice (from Fungi-Metazoa to Eutheria) while the youngest group in each species corresponds to gene
births that occurred in Primates (in humans) or Rodents (in mice).

The gene ages for human and mouse genes are available at https://github.com/ricolab/TAD_Evolution and https://doi.org/10.
5281/zenodo.10067329 (key resources table).

28,29

TAD maps used in age co-localization analysis

For the gene age co-localization analysis (see quantification and statistical analysis) we used the TAD genomic coordinates as
defined by the original papers: hESCs,*' mESCs,*® human GM12878 B-cell derived lymphoblastoid cells (original TADs*® and
TADs from Gong and co-workers*®), monocytes, neutrophils and naive CD4 T cells (key resources table).®” We only modified the
original data from Rao et al.*® to remove the nested TADs, as they would have given duplicated co-localizations. All the TADs
used are available at are available at https://github.com/ricolab/TAD_Evolution and https://doi.org/10.5281/zenodo.10067329
(key resources table).

Gene essentiality data
Gene essentiality data from humans and mice was retrieved from OGEE database* (key resources table).

Promoter-capture HiC (PCHi-C) networks

Networks were constructed with igraph®® R package from PCHIC data from mouse*® and human cells®” (key resources table) by
considering genomic regions as nodes and physical interactions as edges.”® We annotated each node with the genes and their
ages. We created a subnetwork of young genes (Figure 1C), keeping interactions where at least one node contains a Primate or Ro-
dent gene. Then, we grouped the nodes by gene and removed any duplicated edges so that each gene-gene interaction would only
be represented once.

QUANTIFICATION AND STATISTICAL ANALYSIS

Gene age co-localization analysis

We generated the p value matrices by performing 100 randomizations to obtain the variance of the distribution of the probabilities to
find each pair of gene ages within the same TAD (see Figure S1). Then, using the normal distribution, the p value was calculated as the
probability of obtaining by chance alone the observed probability in the random distribution. We took as average the value of the null
hypothesis, which was considered to be the probability of matching every age-pair without taking any TAD structure at all (consid-
ering the ages as being taken from a global pool rather than from any particular TAD). To facilitate the visualization of these p values,
we calculated the natural cologarithm using a maximum value of 30. In order to differentiate between probabilities higher or lower
than expected, the natural cologarithm (always positive since it is from a value lower than 1) was left unchanged (i.e., positive) if
the probability of finding genes of an age pair together was higher than expected, or its sign was changed (becoming negative)
for probabilities of finding a pair of ages lower than expected. The code to implement this is in function getPairData, available as
part of the script co-localisations_functions.R at https://github.com/ricolab/TAD_Evolution and https://doi.org/10.5281/zenodo.
10067329 (key resources table).
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The same approach was used to do the co-localization analysis with fixed-size windows instead of TADs. The Euclidean distance
between matrices was calculated with the dist() function in R.

TAD insulation

The insulation of TADs in GM12878 cells was calculated by averaging the two insulation scores of their boundaries, as calculated by
Gong and co-workers.*® Then, TADs were grouped into five groups of similar size based on their TAD insulation scores, from low to
high insulation. The original TAD boundary insulation scores were kindly provided by Aristotelis Tsirigos and we made them publicly
available with his permission at https://github.com/ricolab/TAD_Evolution and https://doi.org/10.5281/zenodo.10067329 (key re-
sources table).

TAD stability across cell types
The stability of a TAD corresponds to the number of cell types where its boundaries are present. To study the stability of TADs across
cell types, we used the TAD maps and associated stability scores calculated by McArthur and Capra® (key resources table). Their
dataset includes definitions for 14,345 TAD boundaries and assigns to each of them a parameter, the stability percentile, that is asso-
ciated with the number of cell types where it is present (which varies between one and 37). For example, if a TAD boundary is present
in only one cell type, it corresponds to a stability percentile of 0.113175, but if it is present in 24 cell types, then its stability percentile is
0.901778. All TAD boundaries in this dataset span 100 kb.

We separated the dataset of TAD boundaries in two groups of approximately the same size depending on their presence in
different cell types.

e the "stable" group, which was made of TAD boundaries present in five or more different cell types, including 7,509 TAD bound-
aries (52%).

e and the "unstable" group, which was made using the remaining 6,836 TAD boundaries (48%), present in less than five different
cell types.

® For each of these two groups, we created a list of TADs as the region between two consecutive TAD boundaries by taking the
central value between the beginning and end of each TAD boundary definition. In addition, we removed all the TADs that were
nesting a TAD boundary from the other group (so that the final TAD definitions in either group were empty of other TAD bound-
aries). Using these criteria, we obtained two datasets:

® one with 4749 stable TADs, with an average length of 154 kb.

e another one with 4086 unstable TADs, with an average length of 268 kb.

For each of these two TAD groups, we calculated the percentage of old genes using our dataset of gene ages (taking into account
our definition of "old gene", Figure 1C), defining as "old-depleted TADs" those that contained less than 10% of old genes. We
observed that for the stable TADs, 323 out of 3031 had less than 10% of old genes (so the ratio corresponds to 0.1066), while for
unstable TADs this filter is passed by 284 out of 1795 (ratio: 0.1582). This displays a higher amount of young TADs in unstable
TADs. To assess the significance of this difference, we repeated the analysis 100 times for each group after randomizing the
gene age labels. We observed that all the randomized cases fall in between these values (see Figure S6), therefore showing that
this difference is indeed statistically significant. The data and code to reproduce the analysis is available at https://github.com/
ricolab/TAD_Evolution and https://doi.org/10.5281/zenodo.10067329.

Enrichment of essential genes

The significance of the enrichments of essential genes in the different sub-groups of genes was calculated with Chi-squared tests
using the chi.square() function in R, and the significance threshold was set at p < 0.05. The code to reproduce the analysis is available
at https://github.com/ricolab/TAD_Evolution and https://doi.org/10.5281/zenodo.10067329.
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