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1 Abstract

The hierarchical organisation of the genome allows for it to be regulated at several
levels. At the linear level, it involves gene order and neighbourhood, at the chromatin
level it involves histone modifications, and at the 3D level it brings in the dynamics
of large domains: TADs, cLADs, ciLADs, etc. In this study, we explore the linear
ordering of genes and the rearrangements that disrupt them. Chromosomal rearrange-
ments that lead to changes in the linear order of genes are implicated in changes in
gene expression. Change in gene expression is, in turn, linked to phenotypic change
that is subject to Darwinian selection. Therefore, chromosomal rearrangements play
an important role in the course of evolution. Here we explore a subset of chromo-
somal rearrangements that constrain genes near telomere or centromere in a species-
specific manner. We hypothesised that genes constrained near or away from hete-
rochromatin (centromere/telomere) via rearrangements experience differential gene
expression compared to those genes that maintain their distance from such domains.
We studied the rearrangements that shuffle orthologous genes around in human and
mouse chromosomes via two methods: using line plots to visualise rearrangements
and using distance cut-offs to filter genes constrained within certain distances of the
telomere/centromere in a species-specific manner. Through the second approach, we
observed that genes constrained near telomeres show high expression divergence as
compared to those genes that maintain their distance from heterochromatin in both
human and mouse. The genes constrained near telomere in mouse are associated
with pathways in immune response and cancer. Since immune responses are just as
important as adaptations for the survival of a species, this result warrants further
analysis of the hypothesis in other mammalian species. However, a lack of centromere
positions for several mammalian chromosomal assemblies is a hindrance. Centromere
position prediction was attempted for mammals with complete chromosomal assem-
blies, with some success for the assemblies of Opossum and Rabbit. We also come to
an understanding, through this analysis, that linear rearrangements that disrupt the
3D organisation of the genome (constitutive LAD to constitutive inter-LAD or vice
versa) may provide a more comprehensive outlook in elucidating the evolutionary role
of rearrangements that displace genes from repressed to expressed compartments or
vice versa in a species-specific manner — an outlook that studying linear rearrange-
ments with heterochromatin as a repressed compartment alone may not provide.

Keywords: Chromosomal Rearrangements, Heterochromatin, Telomere, Centromere,
Expression Divergence, Human, Mouse, Mammals.
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2 Introduction

The genome is organized hierarchically. The sheer length of the DNA versus the
3D space available to it within the eukaryotic nucleus necessitates such organization.
Given that the genome is hierarchically organized, this allows it to be regulated at
several levels (Finn & Misteli, 2019; Nguyen & Bosco, 2015).

DNA

Nucleosome

Chromatin Loops

CTCF

TAD

Nucleus

Chromosome
Territories

Compartments

Figure 1: Illustration describing the hierarchical organization of the genome.

At the linear level, genes involved in development are often clustered together, allow-
ing for greater control over its expression. For instance, the HOX genes have main-
tained their collinearity throughout evolution. The order in which they are present
is the same as the order in which they are expressed along the anteroposterior axis.
One of the theories that attempt to explain this maintained collinearity is sharing
of enhancer (regulatory elements) among the genes (Mann, 1997; Mallo & Alonso,
2013). At the chromatin level, different histone marks can allow for the expression
or repression of a gene. For instance, H3K27Me3 is associated with gene silenc-
ing, and H3K4Me3 is associated with gene expression. Bivalent marks (having both
H3K27Me3 and H3K4Me3) on genes indicates a poised state that is often observed in
early developmental stages and is associated with sharper control of gene expression
during development: enabling expression when the timing is right and upon receiving
proper cues (Voigt, Tee, & Reinberg, 2013; Dong & Weng, 2013). At the 3D level, the
chromatin loops over itself and forms domains: Topologically Associated Domains
(TADs), which have been implicated in the tight regulation of gene expression in
highly coordinated events like that of random inactivation of X-chromosome (Nora et
al., 2012).
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These 3D domains can be mapped using advanced genomic techniques such as Hi-
C. This, in turn, facilitates the study of the dynamics of these domains and their
effect on gene expression. For instance, 3D reorganization of TADs has been recently
implicated in inter-species differences in Humans and Chimpanzees (Eres, Luo, Hsiao,
Blake, & Gilad, 2019).

Therefore, it is evident that alteration in genome regulation at any of these levels
can lead to a modification in its transcriptional environment (Shapiro, 1982). This
change in expression is viewed as a medium of bringing out phenotypic novelty, as
it has been suggested that gene expression divergence is subject to purifying selec-
tion and to positive Darwinian selection (Jordan, Mariño-Ramı́rez, & Koonin, 2005).
An elegant study of the linear rearrangement of genes in humans and chimpanzees
revealed that genes which change genic neighbourhood show elevated expression di-
vergence compared to those that have conserved genic neighbourhood (De & Babu,
2010; De, Teichmann, & Babu, 2009). These genes show higher expression divergence
mostly in brain tissues, possibly reflecting the functional differences of the brain in
Humans and Chimpanzees. A similar study, but concerning a different set of mam-
malian species shows that loss of linear proximity to conserved non-coding elements
(owing to rearrangements) specifically in rats is associated with down-regulation of
neurogenesis, which ties up neatly in the light of the fact that rats have lissencephalic
(smooth) brains in comparison to humans and several other mammals with gyrated
brains (Bagadia et al., 2019). As mentioned earlier, 3D reorganization of the genome
in Humans and Chimpanzees is hypothesized to give rise to inter-species differences
through differential expression (Eres et al., 2019). Therefore, the phenomenon of rear-
rangements and 3D organization dynamics is rightly put into spotlight with reference
to evolution.

To elucidate what causes a change in gene expression and ultimately culminates in
the evolution of a new species is an enrapturing problem and is the main theme of this
thesis. Gene orders are non-random in eukaryotes. The orders that are maintained
in evolution often have a functional or transcriptional relationship (Lopez, Guerra,
& Samuelsson, 2010). Therefore, any rearrangement that breaks such conserved or-
der of genes and thrusts several genes into different environments is then naturally
expected to bring about changes in gene expression. As it turns out, eukaryotic
gene expression is most certainly affected by duplications, loss and rearrangements
(Shapiro, 1982; Brown, 1981; De & Babu, 2010; De et al., 2009). It has also been
shown that chromosomes in Humans and Chimpanzees that show a greater number
of rearrangements show a greater change in expression pattern (Marques-Bonet et al.,
2007).
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Chromosomal aberrations that modify gene order are often implicated in diseases and
cancer (Hasty & Montagna, 2014). Given all this information, it is not a stretch to
think that such naturally occurring chromosomal aberrations have a role to play in
evolution, as a means of bringing about diversity via changed expression pattern of
genes.

Since linear rearrangements have been established as an agent that brings about
change in gene expression divergence, this thesis aims to explore the impact of a
subset of linear genomic rearrangements in mammals on gene expression divergence.
Here we explore the possibility of chromosomal rearrangements, which constrain genes
either towards or away from heterochromatin in particular lineages, as agents of gene
expression change that culminate in lineage-specific adaptations.

Centromere
Telomere

Species A

Species B

Figure 2: Illustration describing rearrangements that change domains

Eukaryotic chromatin needs to open to allow for gene expression. Telomeres and Cen-
tromeres are tightly packed, allowing for little to no gene expression (Jost, Bertulat,
& Cardoso, 2012). Therefore, the effect of heterochromatin may pervade the envi-
ronment of the genes proximal to these regions and affect gene expression. Here, we
hypothesize that genes constrained near or away from heterochromatin domains such
as the Centromere or Telomere via rearrangements experience differential expression
compared to those genes that maintain their distance from such domains. This is
called position effect: where the expression of a gene is affected due to its genomic
neighbourhood or chromosomal environment and not due to a change in the sequence
of the gene or a change in its transcription machinery (Elgin & Reuter, 2013; De &
Babu, 2010).
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For instance: the mottled eye of Drosophila is caused by a rearrangement that dis-
places the white gene to a region very close to the centromere of X-chromosome.
Therefore, in some ommatidia of the Drosophila compound eye, this gene is silenced,
whereas in others it expresses wild type red colour. The gene itself is not mutated,
but its changed expression is attributed to its changed position (Elgin & Reuter,
2013; Muller, 1941). Such rearrangements have also been observed in several human
diseases (D. A. Kleinjan & van Heyningen, 2005; D.-J. Kleinjan & Van Heyningen,
1998). Other examples of position effect include transgenes which when inserted near
the telomere in mouse embryonic stem cells show repressed activity, indicating that
gene expression is hampered in an environment such as those near telomeres (Pedram
et al., 2006). Since such rearrangements have been observed in different species (De
& Babu, 2010; De et al., 2009), we hypothesize that they might result in tweaked phe-
notypes through gene expression divergence, which may be advantageous to a species’
survival.

Therefore, it all boils down to understanding if rearrangements that constrain genes
near heterochromatin in a species-specific manner affect gene expression and if this
changed gene expression divergence can be linked to lineage-specific adaptations.
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3 Investigating Position Effect of Linear Rearrange-

ments

3.1 Using Line Plots

Line plots are simple yet fantastic tools for visualizing rearrangements. Each line joins
the TSS (Transcription Start Site) of a human gene to the TSS of its orthologous gene
in mouse or any other species. This allows us to visualize synteny breakpoints and
also approximate visually the rearrangements that are constraining genes near the
telomere or centromere or away from heterochromatin in a species-specific manner.

The following line plots map the TSS of each gene on every human chromosome to
the TSS of its respective orthologous gene on mouse chromosomes. The line plots are
drawn for 23 (22 autosomes + X) human chromosomes.

3.1.1 Materials & Methodology

Obtain orthologous genes for Hu-
man and Mouse and their respec-
tive TSS from Ensembl biomart

Map the TSS using R and visu-
alize rearrangements using lines

Mark centromeres and identify
gene clusters that appear
to be constrained towards

heterochromatin or away from
it in a species-specific manner.

Check gene ontologies associ-
ated with such clusters that

appear to be changing domains.

Orthologous genes were obtained from Ensembl Biomart v98.
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Figure 3: Human-Mouse Chromosomal Rearrangement Line-plots.
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Figure 3: Human-Mouse Chromosomal Rearrangement Line-plots (cont.).
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Figure 3: Human-Mouse Chromosomal Rearrangement Line-plots (cont.).
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Figure 3: Human-Mouse Chromosomal Rearrangement Line-plots (cont.).



3.1.2 Results

−log10(0.05) = 1.301 & log10(0.05) = −1.301

Any value more positive or more negative, respectively, is significant.

Example 1: Rearrangement of genes near centromere of Human Chromosome 11 to
central region of Mouse Chromosome 2.

By central region, here we mean regions that appear far enough from centromere or
telomere on a chromosome visually.

0.0e+00 5.0e+07 1.0e+08 1.5e+08 2.0e+08 2.5e+08
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Figure 4: Line plot for Human Chromosome 11.
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Table 1: GO Molecular Terms for genes constrained near centromere of Human Chr
11

ID GO Term log p-value

GO:0004984 olfactory receptor activity -15.6234
GO:0005549 odorant binding -12.2832
GO:0060089 molecular transducer activity -9.0155

Table 2: GO Biological Terms for genes constrained near centromere of Human Chr
11

ID GO Term log p-value

GO:0035608 protein deglutamylation -3.6326
GO:0050911 detection of chem. stimulus in sensory perception of smell -15.8182
GO:0051606 detection of stimulus -11.8386
GO:0007186 G-protein coupled receptor signaling pathway -8.1158
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Example 2: Rearrangement of genes near central region of Human Chromosome 12
to telomere of Mouse Chromosome 10.
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Figure 5: Line plot for Human Chromsome 12.

Table 3: GO Molecular Terms for genes constrained near telomere of Mouse Chr 10.

ID GO Term log p-value

GO:0004984 olfactory receptor activity -15.6234
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Example 3: Rearrangement of genes near telomere of Human Chromosome 17 to
central region of Mouse Chromosome 11.
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(a) Line plot for Human Chromosome 17.
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(b) Diseases associated with genes constrained
near telomere of Human Chr 17.
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3.1.3 Conclusion

Of all such rearrangements, I’ve presented the following three to drive home the
fact that some rearrangements are explicable by our hypothesis and some are not.
The rearrangement constraining olfactory genes towards the human centromere in
“example 1” can be explained by the fact that humans and mice are known to have
diverged with respect to the sense of smell (olfaction), indicated by excessive loss
of olfactory receptors in humans. Adding to it, about 50% of the olfactory genes
in humans are pseudogenes (Gilad, Man, Pääbo, & Lancet, 2003). Therefore, it is
quite likely that rearrangements that constrain these olfactory genes near the human
centromere, which would lead to reduced expression of these receptors, may play a role
in further reducing the reliance on sensory perception of smell in humans compared
to apes and other mammalian species.

However, the rearrangement constraining olfactory receptors towards mouse telomere
have also been identified (example 2), and this does not fit into our hypothesis very
well with the previous reasoning. Additionally, if the same logic of reduced expres-
sion near telomeric regions were to be applied to the genes constrained at human
telomere (example 3) that play a role in brain development (the loss of which leads
to lissencephaly), it is humans that should show lissencephalic brains and not mice!

This discrepancy leads to two ideas. One: the hypothesis needs to be polished and
refined. Regions linearly proximal to the telomere may not be as close to the telom-
ere in the light of the 3D organization of the genome (Naumova & Dekker, 2010).
Two: a more methodological approach may be needed to elucidate the role of such
rearrangements.

The pros of the line-plot approach are: Entire blocks of genes can be classified as con-
strained towards centromere/telomere or constrained away from telomere/centromere.
The advantage of such a method of classification is that since there is no limit on the
size of the rearrangements that can be studied, arbitrary loss of genes from gene on-
tology analysis is prevented (such as those that would occur when giving a distance
cut-off). This, in turn, gives stronger and clearer results when analyzing said block
of genes for gene ontologies. The additional positive aspect of this approach is that
this analysis is done chromosome-wise unlike the method of analysis proposed in the
latter part of this conclusion that pools, regardless of chromosome, all rearrangements
falling into the category of domain change (euchromatin to heterochromatin or vice
versa), the disadvantage being that pooling rearrangements will subdue representa-
tion of smaller sets of genes with different functions. In a chromosome-wise approach,
this disadvantage is mitigated.
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There are some shortcomings of the line-plot approach: looking at line-plots depicting
rearrangements between two species alone is not enough to truly determine if a block of
genes is species-specifically constrained towards the telomere/centromere. Outgroup
studies are a must.

The other shortcoming is that one cannot ascertain, in a methodological fashion, if
indeed these blocks of genes that are constrained towards centromere/telomere or are
constrained away from it in one species do diverge in expression with respect to the
reference species. This approach also undermines the fact that the effect of heterochro-
matin may pervade only up to a certain linear distance from the telomere/centromere.
Therefore, a distance-wise classification of rearrangements will eliminate those genes
that are too far away linearly from the centromere or telomere to experience the
heterochromatin effect.

Hence, the following methodology was devised to consider the factor of distance and to
be able to calculate expression divergence associated with each distance. It also brings
in the advantage of adding an outgroup to truly elucidate the species-specific nature
of the rearrangements that constrain genes towards or away from heterochromatin.
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3.2 Determining Expression Divergence

3.2.1 Introduction

A B C D E F G H

A. Mouse Centromere to Human Centre 
B. Mouse Centre to Human Centromere
C. Mouse Telomere to Human Centre
D. Human Telomere to Mouse Centromere

E. Mouse Centromere to Human Telomere
F.  Mouse Centromere to Human Centromere
G. Mouse Telomere to Human Centromere
H. Mouse Central to Human Central
I.   Mouse Telomere to Human Telomere

Centromere

Telomere

 

Distanc cuto�
in KB or MB

Rearrangements that change domains Rearrangements that do not change domains

Figure 7: Illustration describing rearrangements that change domains and those that do not
change domains.

Since a preliminary analysis using line-plots reflected interesting yet inconsistent gene
ontologies, a further methodological approach using distance cut-offs in increasing
order (50KB, 100KB, 500KB, 1MB and so on till 10MB) from the telomere and
centromere to capture rearrangements that specifically constrained genes to these
regions was devised.

Therefore, Human-Mouse rearrangements were run through a program that filtered
genes specifically constrained within distance cut-offs from Mouse Telomere, Human
Telomere, Mouse Centromere and Human Centromere. Cat was used as an outgroup
as it was one of the few organisms for which centromeric positions were available and
also because Cat as a species is sufficiently distant from both Human and Mouse.
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To define the control set against which the genes constrained towards heterochromatin
were to be tested for differential expression, it was decided that distances greater
than 10MB from telomere and centromere was far enough. Genes that constitute the
control set are those that maintain their distance from heterochromatin in mouse and
human depending on the distance cut-offs. That is, those genes that remain within
the distance cut-off from the telomere/centromere and those that remain farther than
10MB from telomere/centromere in both species. In contrast, genes that change their
distance from heterochromatin (either towards or away) depending on distance cut-
offs were to be put in a set termed as “domain change”.

Mus musculus

Homo sapiens

Pan troglodytes

Felis catus

Criteria for filtering genes specifically 
constrained at Mouse Telomere/Centromere

Not Near 
Centromere/Telomere

Near 
Centromere/Telomere

Not Near 
Centromere/Telomere

(a) Mouse specific

Mus musculus

Homo sapiens

Pan troglodytes

Felis catus

Criteria for filtering genes specifically 
constrained at Human Telomere/Centromere

Near 
Centromere/Telomere

Not Near 
Centromere/Telomere

Not Near 
Centromere/Telomere

(b) Human specific

Figure 8: Criteria for classification of genes as subtelomeric or pericentromeric in a species.

Therefore, in the boxplots ahead, “mouse telomere” would compare two sets of genes:
“Domain change”, which contains genes that are constrained towards the mouse
telomere within xKB/MB but are far away from heterochromatin (10 MB or farther
from telomere/centromere) in Human and Cat, and “Control” set, which contains
those genes that are either within xKB/MB of heterochromatin or are father than
10MB from heterochromatin in both Human and Mouse.

To ascertain significance values of difference in gene expression divergence between
these two sets, one-sided Wilcoxon-test was used (that is, “domain change” set has
higher expression divergence compared to “control” set).
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3.2.2 Materials & Methodology

Filter one-to-one orthologous
genes of Human and Mouse

obtained from Ensembl biomart

Obtain centromere positions
from UCSC Genome Browser

At different distance cut-offs
from telomere and centromere,

classify genes that are con-
strained towards these regions

in a species-specific manner
using Cat as the outgroup

Calculate Gene Expression
Divergence using Pearson and

Spearman correlation using
RNA-seq (FPKM) values

available for different tissues.

Check gene ontologies of those
genes that are showing sig-
nificant diverged expression

To calculate Gene expression divergence, the following tissues were used: Brain,
Colon, Heart, Kidney, Liver, Lung, Skeletal Muscle, Testis. These were obtained
from BGEE database. Human Tissue expression data was obtained from the fol-
lowing GSE IDs: GSE30611. Mouse Tissue expression data was obtained from the
following IDs: GSE41637 and GSE41338 (Only Heart). Before calculating gene ex-
pression divergence, the tissues were quantile normalized. The correlation for each
vector containing Human and Mouse tissues in order was calculated using Spearman
and Pearson correlation. Subtracting the correlation from 1 gives the value of gene
expression divergence. Higher the value (between 0 and 2), greater the divergence.
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3.2.3 Results

Gene Expression Divergence calculated using Spearman Correlation:
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(a) Gene Expression Divergence at various
distances from Mouse Telomere
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(b) Gene Expression Divergence at various
distances from Mouse Centromere

Figure 9: Gene Expression Divergence calculated using Spearman Correlation.
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(c) Gene Expression Divergence at various dis-
tances from Human Telomere
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Figure 9: Gene Expression Divergence calculated using Spearman Correlation (cont).
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Calculating the same value of gene expression divergence using Pearson correlation
gives slight variation when it comes to which distances from telomere show signifi-
cant expression divergence for mouse and human. To make the comparison easier, the
following bar plots depict the p-values obtained when comparing the expression diver-
gence (calculated using different methods) of control set v/s the “genes that change
domains” (domain change) set.

Comparing results obtained using different methods of calculating expression diver-
gence:
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Figure 10: Barplots comparing significance values of gene expression divergence calculated
using Spearman and Pearson correlation.
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3.2.4 Controlling for CNEs-Gene Split effect

Linear rearrangements have been the focus of research for quite some time now. Sev-
eral aspects of linear rearrangements have been studied, one example is the effect
of the altered genic environment on gene expression (De & Babu, 2010; De et al.,
2009). As mentioned in the introduction, Human and Chimpanzee chromosomes with
a greater number of rearrangements show greater differential expression (Marques-
Bonet et al., 2007). Subhajyoti De’s paper (De et al., 2009) on linear rearrangements
and altered genic neighbourhood briefly comments that regions near the centromere
and telomere show low CGN score (lower CGN score indicating greater altered genic
environment). However, they did not include regions near the telomere and cen-
tromere in their analysis due to fear of incorrect sequencing around these segments
owing to excessive repeats. Ten years from their paper, one can see that continuous
efforts have improved the quality of genome assemblies and annotations. Hopefully,
this thesis serves as an attempt to study these excluded regions.

Another effect that has been studied when it comes to linear rearrangements is the
role of the position of regulatory elements with respect to genes that they control. A
split that is a large distance between a conserved non-coding element and the gene it
controls, due to rearrangements, in several gene-CNE pairs specific to a species, has
been shown to play a role during its development (Bagadia et al., 2019)
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Figure 11: Status of CNE-Gene pair Split v/s Gene Expression Divergence

23



Such gene-CNE split pairs often show differential gene expression in comparison to
those gene-CNE pairs that remain intact throughout evolution.

Therefore, it is one of the effects that can be controlled for in the study of telom-
eric/centromeric effect. It is essential to isolate, as far as possible, the impact of
telomere/centromere on the expression of genes that have been constrained towards
it in a species-specific manner from effects of other known factors that arise due to
linear rearrangements (such as the CNE effect).

Materials & Methodology

Filter orthologous genes
of Human and Mouse

Assign to each CNE known
in Human and Mouse the
closest gene to that CNE.

For each CNE, check if the closest
gene in Human and Mouse are
orthologous and are within 1
MB distance from the CNE.

If the distance between CNE
and closest gene is more

than 2MB, classify it as split
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Comparing Gene Expression Divergence pre and post removing CNE effect:

The following bar plots depict the p-values obtained on comparing Gene Expression
Divergence of the control set v/s the domain change set pre and post removing CNE
effect.

For Expression Divergence calculated using Spearman correlation:
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Figure 12: Comparing significance values of difference in Gene Expression Divergence
(Spearman) pre and post removing CNE effect
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On comparing the differential expression pre and post removing CNE effect for mouse
telomere: 500KB from the mouse telomere initially contained a list of genes in “domain
change” set that were significantly differentially expressed compared to the control
set. However, upon controlling for the CNE effect, this significance has dampened
into a non-significant value. In the case of genes constrained near Human Telomere,
however, there is no change pre and post controlling for CNE effect in the distances
that show significant differential expression on comparing “domain change” set with
control set.

For Expression Divergence calculated using Pearson correlation:
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Figure 13: Comparing significance values of difference in Gene Expression Divergence (Pear-
son) pre and post removing CNE effect

26



On comparing the differential expression pre and post removing CNE effect for mouse
telomere:

1. For 1MB from the mouse telomere, gene expression divergence is significant
both pre and post controlling for CNE effect.

2. For 500KB from the mouse telomere, gene expression divergence is no longer
significant after controlling for CNE effect.

No distances show significant expression divergence near Human Telomere (except
100KB from telomere), Human Centromere and Mouse Centromere both pre and
post controlling for CNE effect when calculating expression divergence using Pearson
correlation.
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3.2.5 Gene Ontologies

Gene ontologies were obtained using ToppGene.

Within 500KB of Mouse Telomere:
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Figure 14: Gene Ontology Terms for genes constrained within 500KB from the Mouse
Telomere
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Within 1MB of Mouse Telomere
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Figure 15: GO Molecular Terms for genes constrained within 1MB from the Mouse Telomere

Table 4: GO Biological Terms for genes constrained within 1MB of Mouse Telomere

ID GO Term log p-value

GO:0008543 fibroblast growth factor receptor signaling pathway -4.6498
GO:0016477 cell migration -3.6126
GO:0071634 regulation of transforming growth factor beta production -3.8297
GO:0051094 positive regulation of developmental process -4.5686
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Human Telomere:

Within 250KB from the Human Telomere

Table 5: GO Molecular Terms for genes constrained within 250KB of Human Telomere

ID GO Term log p-value

GO:0003905 alkylbase DNA N-glycosylase activity -3.1079

Within 2.5MB from the Human Telomere

Table 6: GO Molecular Terms for genes constrained within 2.5MB of Human Telomere

ID GO Term log p-value

GO:0010498 proteasomal protein catabolic process -4.6517
GO:0038202 TORC1 signaling -4.2118
GO:0016567 protein ubiquitination -4.1427

Within 10MB from the Human Telomere

Table 7: GO Human Phenotype Terms for genes constrained within 10MB of Human
Telomere

ID GO Term log p-value

HP:0002977 Aplasia/Hypoplasia involving the central nervous system -4.529
HP:0001104 Macular hypoplasia -4.228
HP:0007364 Aplasia/Hypoplasia of the cerebrum -4.212
HP:0010767 Sacrococcygeal pilonidal abnormality -4.180
HP:0000960 Sacral dimple -4.242
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3.2.6 Raw Expression Comparison

Raw Expression Comparison across Human and Mouse tissues for genes constrained
towards Human and Mouse Telomere:

●

●

●

●
●

●

●

●

●

●

● ● ●

●

●

●

●

●

●

●

●

● ●

●

−2

0

2

Bra
in

Colo
n

Hea
rt

Kidn
ey

Liv
er

Lu
ng

Ske
let

al_
M

us
cle

Te
sti

s

Tissues

Lo
g 

R
aw

 E
xp

re
ss

io
n 

(F
P

K
M

)

Organism

Human

Mouse

(a) Within 250KB

●

●

●●●●●●

●●●●●●

●●●●●●●●

●●●●●

●●●●●●

●
●

●

●

●

−2

0

2

Bra
in

Colo
n

Hea
rt

Kidn
ey

Liv
er

Lu
ng

Ske
let

al_
M

us
cle

Te
sti

s

Tissues

Lo
g 

R
aw

 E
xp

re
ss

io
n 

(F
P

K
M

)

Organism

Human

Mouse

(b) Within 1MB

●
●
●

●

●

●
●
●

●

●
●

●
●

●

●

●

●
●●

●

●
●

●

●●●●●●●●●●●●●●●●●●●●

●

●

●

●
●
●
●

●

●

●

●●●●●●●●●●●●●●●●●●●●●

●●●●●●●●●●●●●●●●●●●●●●●

●●●●●●●●●●●●●●●●●●●●●

●

●
●

●

●●●●●●●●●●●●●●

●●●●●●●●●●●●●●●●●●●●●●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●●

●●

●

●

●●

●

●

●

●

●

●

●

●

●●

●

●
●

−2

0

2

Bra
in

Colo
n

Hea
rt

Kidn
ey

Liv
er

Lu
ng

Ske
let

al_
M

us
cle

Te
sti

s

Tissues

Lo
g 

R
aw

 E
xp

re
ss

io
n 

(F
P

K
M

)

Organism

Human

Mouse

(c) Within 2.5MB

●●●●●● ●

●

●

●
●

●
●●

●

●

●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●
●
●
●●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●
●
●
●

● ●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●●

●●
●

●

●

●
●

●

●
●●●
●●

●

●●●●

●

●

●●

●
●

●

●
●
●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●
●

●
●

−2

0

2

4

Bra
in

Colo
n

Hea
rt

Kidn
ey

Liv
er

Lu
ng

Ske
let

al_
M

us
cle

Te
sti

s

Tissues

Lo
g 

R
aw

 E
xp

re
ss

io
n 

(F
P

K
M

)

Organism

Human

Mouse

(d) Within 10MB

Figure 16: Log Raw Expression values at various distances from Human Telomere.
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Figure 17: Log Raw Expression values at various distances from Mouse Telomere.

By plotting the Raw Expression of genes near telomeric regions, we expected to see
the following trend:

1. If genes are constrained specifically near the Human telomere, then we expected
the log raw expression in human tissues for these genes to be lower than their
mouse counterparts.

2. If genes are constrained specifically near the Mouse telomere, then we expected
the log raw expression in mouse tissues for these genes to be lower than their
human counterparts.

Although human tissues show lower expression for genes constrained within various
distances from the Human telomere, it appears that so is not the case for genes
constrained towards the Mouse Telomere, which show higher expression in mouse
tissues compared to human tissues.
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3.2.7 Conclusion

There appears to be a pattern in which the expression divergence decreases along the
increasing distances from the telomere in both species.
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(c) Mouse Telomere (Pearson)
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Figure 18: Average Expression Divergence v/s Distance from Telomere (control: red, domain
change: blue)

Differential expression divergence does not appear to be significantly higher for the
“domain change” set at any distance from the centromere in both Human and Mouse.
Genes constrained within 500KB and 1 MB of the mouse telomere show significant
gene expression divergence as compared to the control set (with some discrepancy in
Pearson and Spearman correlation derived gene expression divergence). Genes con-
strained within 100KB, 250KB, 1MB, 2.5MB, 5MB and 10MB of the human telomere
show significantly higher gene expression divergence as compared to the control set
(Spearman correlation).
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On controlling for CNE effect, it appears some gene expression divergence can be
attributed to CNE effect. In the case of mouse telomere, for genes constrained within
distances of 500KB of it (for both Spearman and Pearson correlation), the domain
change set does not remain significantly divergent after controlling for CNE-effect.
However, no such change is observed for genes constrained within 1MB of the mouse
telomere. It remains significant before and after controlling for CNE-effect (Pearson
correlation). These genes are involved in functions related to chemokine receptors
and pathways in cancer and immune responses. Humans and mice have clearly shown
some differences in terms of immune responses and in terms of their ability to ward
off cancer. For instance, naturally occurring ebolaviruses do not seem to infect mice
and cancers rarely develop in mice over their short lifespan (Bjornson-Hooper et al.,
2019). The differences in human-mouse immune system have been extensively studied,
often leading to the conclusion that mice are not a good substitute for studying a
(human) disease because of the far too many differences in the responses launched
(Zschaler, Schlorke, & Arnhold, 2014). Since survival of a species includes a strong
immune system as a necessity apart from adaptations to its environment, it will
be very interesting to understand how the genes that are constrained at the mouse
telomere, which seem to have a role in viral response, cancer and complement cascade,
shape the immune system of mice in comparison to humans.

In case of genes constrained within various distances from the human telomere, post
removing CNE effect, all the distance cutoffs that showed significant divergence, re-
main significant. Gene ontologies for genes constrained within 250KB indicate a
role in immune response and DNA repair. Ontologies for genes constrained within
2.5MB of human telomere indicate towards TORC-1 signalling, which has a role in
controlling cell growth and metabolism. Partial inhibition of mTORC-1 leads to a
significant increase in lifespan in worms and flies, possibly via mechanisms similar to
calorie-restriction. Such a link between longevity and reduced mTORC-1 expression
has not been established in mammals. Moreover, mTORC-1 also has implications in
regulating immune response, and its deletion leads to tumorigenesis (Wullschleger,
Loewith, & Hall, 2006). The Human phenotype terms for genes constrained within
10MB of the telomere have implications in underdeveloped cerebrum, which does not
abide very well by our hypothesis.

Although some really interesting genes are constrained specifically towards mouse
telomere, the inconsistencies in raw expression patterns and in genes constrained at
human telomere, suggest that a look at heterochromatin effect by considering 3D
genome organization would prove more comprehensive.
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3.3 Predicting Centromeres

3.3.1 Introduction

Human-Mouse rearrangements that constrain genes near heterochromatin show some
interesting phenotypes. Albeit the fact that the theory is not consistent, it provides
some direction to carry the study forward and test the same hypothesis with some
other species that have distinctly diverged from Humans and have interesting adapta-
tions to their environments. Moreover, if a greater number of species can be involved
in the study, the analysis becomes more robust. However, the problem lies in the
fact that although many mammals have chromosome level assemblies and decently
annotated orthologous genes, several of them lack properly annotated centromere po-
sitions. Without these centromere positions, it becomes difficult to filter genes into
heterochromatin-associated set and control set. Therefore, as an exercise, we tried to
see if the prediction of centromeres on the basis of some known centromeric signatures
from genome assemblies was possible at all.

One signature that is commonly attributed to centromeres is the high density of satel-
lite repeats that often makes it challenging to sequence these regions. These satellite
repeats can range from a few base pairs to nearly several megabases in length (Hartley
& O’Neill, 2019). These satellite repeats vary across taxa in terms of both sequence
diversity and also the percentage of the genome that these repeats occupy. However,
most of satellite DNA is concentrated near the centromere (pericentromeric region)
or in the centromere (Garrido-Ramos, 2017; Jagannathan, Cummings, & Yamashita,
2018). Therefore this serves as an excellent marker for elucidating the position of the
centromere. Another signature that could be used to predict centromere positions is
gene density: heterochromatin is generally gene-poor, and a dip in gene density can
be viewed as a potential centromere.

Apart from these markers, it is often noted that chromosome assemblies annotate
repetitive regions with “N”, which is considered as a gap, as the nucleotide in the
said position is unknown or unmapped. Such large gaps have been used to demarcate
centromere positions in the Human chromosome assemblies previously (Altemose,
Miga, Maggioni, & Willard, 2014). Therefore, large gaps in chromosome assemblies
can be aligned with the other two signatures, and a match in the positions of these
three factors (gap, gene and satellite density) can help predict centromeric positions.
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3.3.2 Materials & Methodology

Obtain positions of satellite
repeats from UCSC Genome

Browser and plot the density of
repeats across every chromosome.

Count the number of gaps
(Ns) in chromosome assem-

blies downloadable from
NCBI to obtain gap density.

Obtain genes and their respective
TSS for all chromosomes from

Ensembl and plot a chromosome-
wise histogram to obtain a distri-
bution depicting the gene density.

Align these distributions length
by length for each chromosome
and mark regions where a peak
in gap density matches with a
peak in satellite density and
a marked decrease in gene
density. Mark this region
as a potential centromere.
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3.3.3 Results

Opossum centromeres and Rabbit centromeres were predicted via the use of the afore-
mentioned markers.

An example of predicting centromere on the basis of Gap & Gene density for Opossum
Chromsome 5:
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Figure 19: Opossum Chromosome 5

Predicted centromere positions were matched with karyotype/ideogram based predic-
tions of centromere positions available in literature (Pathak, Rønne, Brown, Furlong,
& VandeBerg, 1993; Hayes et al., 2002)
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(a) Opossum Chromosome 1 (b) Opossum Chromosome 2

(c) Opossum Chromosome 3 (d) Opossum Chromosome 4
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(e) Opossum Chromosome 6
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(f) Opossum Chromosome X

Figure 20: Some More Examples of Predicting Centromeres using Gene, Gap & Satellite
Density for Opossum Chromosomes.
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(a) Rabbit Chromosome 2
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(b) Rabbit Chromosome 4
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(c) Rabbit Chromosome 8
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(d) Rabbit Chromosome 9
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(e) Rabbit Chromosome 18
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(f) Rabbit Chromosome X

Figure 21: Some Examples of Predicting Centromeres using Gene, Gap & Satellite Density
for Rabbit Chromosomes.



Table 8: Predicted Opossum Centromeres

Chromosome Start End Length

1 288708214 291708213 2999999
2 246760696 249761394 3000698
3 56853872 59859752 3005880
4 50630176 53631147 3000971
5 35275970 38275969 2999999
6 73847710 76847709 2999999
7 42498444 45499359 3000915
8 0 2999999 2999999
X 0 3001818 3001818

Table 9: Predicted Rabbit Centromeres

Chromosome Start End Length

1 79861450 82861962 3000512
2 79319264 82319263 999999
3 58762725 61767528 3004803
4 29452887 32455898 3003011
5 4293070 7293069 2999999
6 19455484 22455483 2999999
7 49768112 52769499 3001387
8 45576146 48579106 3002960
9 43425350 46425349 2999999
10 0 3000334 3000334
11 32228397 35229168 3000771
12 17046319 20046318 2999999
13 17056091 20056396 3000305
14 24374029 27374028 2999999
15 0 2999999 2999999
16 7570854 10571144 3000290
17 927914 3927913 2999999
18 0 2999999 2999999
19 0 3000966 3000966
20 0 2999999 2999999
21 0 2999999 2999999
X 38416591 41416714 3000123
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3.3.4 Conclusion

The approach of using gap density, satellite density and gene density as markers for
centromere position seems to have been fruitful for the chromosome assemblies of
Opossum and Rabbit. However, the method has failed largely for some other species
such as Rat, Dog, Horse, etc.

It is clear that the factors this approach utilizes is dependent on the quality of the
genome assembly and the amount of available information associated with the genome,
that is, how far the genome of a species has been studied or has impacted research.

Therefore, this methodology is not robust and needs to be supplemented by factors
that are not assembly quality dependent.

It would, however, be very interesting to test our hypothesis once more when more
species have maximally annotated orthologous genes and centromere positions.
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4 Discussion & Future Directions

Some interesting results obtained via different methods match with our hypothesis
and some don’t. For instance, we expected regions near telomere and centromere
to be enriched with genes that when repressed translate into phenotypes that are
specific to that species. However, genes which when down-regulated lead to aplasia of
the cerebrum or lissencephaly (smooth brain syndrome) show up near human telomere
(albeit within large distances such as 10MB over which heterochromatin may have
no influence), which is hard to reconcile with the fact that humans are the ones with
gyrated brains (Lewitus, Kelava, Kalinka, Tomancak, & Huttner, 2014). The other
problem that arises from studying just the linear order of genes near the telomere
or centromere is highlighted by the fact that regions that are near each other in
the linear genome may not be close to each other in the 3D genome. The same
holds true for the opposite too (Naumova & Dekker, 2010). A region far away from
the telomere linearly on a mouse chromosome may be close enough to the telomere
to be influenced by the repressive nature of heterochromatin in a 3D environment.
Therefore, we come to an understanding that studying the linear rearrangement of
genes near the telomere/centromere alone is not enough. For a more refined analysis,
we propose to look at linear rearrangements that disrupt the 3D organization of the
genome.

It is known that the genome is organized into cLAD : constitutive Lamina Associ-
ated Domains (that are associated with the nuclear lamina and are always repressed),
ciLADs : constitutive inter-Lamina Associated Domains (that are always expressed)
and fLADs: facultative LADs (that change nuclear organization and expression pat-
tern depending upon cell type). These Lamina-Associated Domains are implicated in
influencing genome organization (Briand & Collas, 2020). When these domains come
into the picture, a generalized view of looking at the regions far from the telomere
and centromere linearly on the chromosome as an expressed compartment is trans-
formed into a more specific view where this broad, expressed compartment can now
be divided into regions of cLADs and ciLADs. Moreover, it is known that very few
rearrangements go from a cLAD to a ciLAD or the other way round in Human-Mouse
comparison studies (Meuleman et al., 2013). It is also known that pericentromeric re-
gions are often associated with nuclear lamina (Scherthan et al., 2000; Van Steensel &
Belmont, 2017). Since not much was determined about the influence of centromere on
gene expression divergence via studies of linear proximity of genes to the centromere,
one can look at the effect of rearrangements that disrupt the organization of cLAD
and ciLADs on gene expression for a more comprehensive understanding.

42



References

Altemose, N., Miga, K. H., Maggioni, M., & Willard, H. F. (2014). Genomic charac-
terization of large heterochromatic gaps in the human genome assembly. PLoS
computational biology , 10 (5).

Bagadia, M., Chandradoss, K. R., Jain, Y., Singh, H., Lal, M., & Sandhu, K. S.
(2019). Evolutionary loss of genomic proximity to conserved noncoding elements
impacted the gene expression dynamics during mammalian brain development.
Genetics , 211 (4), 1239–1254.

Bjornson-Hooper, Z. B., Fragiadakis, G. K., Spitzer, M. H., Madhireddy, D., McIl-
wain, D., & Nolan, G. P. (2019). A comprehensive atlas of immunological
differences between humans, mice and non-human primates. bioRxiv , 574160.

Briand, N., & Collas, P. (2020). Lamina-associated domains: peripheral matters and
internal affairs. Genome biology , 21 (1), 1–25.

Brown, D. D. (1981). Gene expression in eukaryotes. Science, 211 (4483), 667–674.

De, S., & Babu, M. M. (2010). Genomic neighbourhood and the regulation of gene
expression. Current opinion in cell biology , 22 (3), 326–333.

De, S., Teichmann, S. A., & Babu, M. M. (2009). The impact of genomic neighborhood
on the evolution of human and chimpanzee transcriptome. Genome research,
19 (5), 785–794.

Dong, X., & Weng, Z. (2013). The correlation between histone modifications and
gene expression. Epigenomics , 5 (2), 113–116.

Elgin, S. C., & Reuter, G. (2013). Position-effect variegation, heterochromatin for-
mation, and gene silencing in drosophila. Cold Spring Harbor perspectives in
biology , 5 (8), a017780.

Eres, I. E., Luo, K., Hsiao, C. J., Blake, L. E., & Gilad, Y. (2019). Reorganization of
3d genome structure may contribute to gene regulatory evolution in primates.
PLoS genetics , 15 (7), e1008278.

Finn, E. H., & Misteli, T. (2019). Molecular basis and biological function of variability
in spatial genome organization. Science, 365 (6457), eaaw9498.

Garrido-Ramos, M. A. (2017). Satellite dna: An evolving topic. Genes , 8 (9), 230.
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