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Abstract

The human genome is constantly evolving and shaping its structure through a wide
diversity of mechanisms. Some major events that contribute to genome dynamics and
evolution include genome-wide, chromosomal or regional duplications and structural
rearrangements. At the chromosomal and regional scale, a major architectural feature
that contributes to rearrangements is the presence of repetitive elements. These
elements include a great variety of sequences ranging from interspersed to tandem
repeats, including segmental duplications (SD ) and low-copy repeats (LCRs) which are
>1kb repeated elements spread throughout the genome but that share a high identity
between copies and play key roles in promoting the plasticity and dynamic nature of the

genome.

The presence of repetitive elements can impact the structure and function of the
genome promoting genomic rearrangements, chromosomal instability and evolutionary
dynamics. Genomic rearrangements can lead to the creation of copy number
variants(CNVs) that can represent neutral or adaptive polymorphisms in the population
but are mostly benign in function. However, some rearrangements can also lead to
genomic disorders which are genetic conditions caused by alterations in the number or

structure of large genomic regions containing generally dosage-sensitive genes within.

Understanding the characteristics of repeated sequences in the genome including their
relative orientation, identity, size, distribution and density, is important to understand
their role in the formation of structural variants. Through DNA recombination-based
processes and replication-based processes, repeated genomic sequences can

contribute to genomic instability and rearrangement susceptibility.



The work reported in this thesis focused on exploring and identifying repetitive sequences in the
human genome that can be potentially involved in genomic rearrangements in the human
genome. We performed genome-wide analyses and comparisons of direct and inverted repeats
in the latest available human genome reference assemblies including GRCh37 and GRCh38
and the most recent telomere-to-telomere alternate assembly, T2T-CHM13. Through these
analyses, | have produced a catalog of direct and inversely oriented repeated sequences across
the currently three most widely used human genome assemblies. | explored their main
characteristics and their potential contribution to human phenotypes by cross-referencing our
repeats with genes across the genome. Bioinformatic analyses of these repeats and their
contribution to genome architecture can reveal regions that are most susceptible to genomic
instability. Overall, this work provides a genome-wide landscape of repetitive elements and their
key features to understand complex genomic rearrangement formation and gain insights into the

molecular mechanisms leading to genomic disorders and genome evolution.
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1. Introduction

Genomic repetitive elements represent a wide range of non-unique genomic sequences
that play important roles in shaping the genomes of species, influencing their evolution,
and contributing to genetic and phenotypic variation(Liehr, 2021). They can affect

chromosome structure, gene transcription, splicing, and may lead to structural variants.
These elements are broadly classified into two types: tandem repeats and interspersed

repeats.

Tandem repeats are short DNA sequences that repeat in a head-to-tail fashion,
including satellites and simple repeats(Hauth & Joseph, 2002). On the other hand,
interspersed repeats primarily consist of transposable elements (TEs), which can be
classified based on how they spread. Class | elements, such as long interspersed
elements (LINEs) and long terminal repeats (LTRs), use retrotransposition to spread
and are considered autonomous as they encode their own enzymes. Nonautonomous
elements, like short interspersed elements (SINEs) and composite retroelements
(SVAs), rely on LINE-encoded proteins for retrotransposition. Class |l elements,
including Tc1-Mariner and hAT, propagate through a transposase helicase (Wells &
Feschotte, 2020).

These repetitive elements can influence gene expression, regulation, and genomic
rearrangements as they serve as substrates for recombination and replication-related
processes, leading to the formation of new structural variants(Pappalardo & Barra,
2021; Zepeda-Mendoza et al., 2010). Additionally, segmental duplications (SDs) or
low-copy repeats are duplicated DNA segments found throughout the genome. SDs
share high sequence identity (around 90%) and vary in size from 1 to 400 kb(Dittwald,
Gambin, Gonzaga-Jauregui, et al., 2013; Vollger et al., 2022). They contribute to the

dynamic nature of the human genome.

Repetitive elements, including transposable elements, simple repeats, and segmental

duplications, make up approximately 45% of the human genome, while SDs account for
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6-8%(Hoyt et al., 2022; Vollger et al., 2022). These sequences possess important
characteristics such as size, identity, orientation, and distribution, which make them
significant contributors to mutational processes related to DNA recombination,
replication, and repair. They have diverse modes of propagation, ranging from simple
insertion events to facilitating non-allelic recombination while promoting genomic
diversity(Emanuel & Shaikh, 2001).

In summary, the repetitive landscape of the human genome is intricate and dynamic,
consisting of various repetitive elements dispersed throughout. These sequences play

crucial roles in genome evolution, gene regulation, and disease mechanisms.

1.1 Repetitive Element Composition in Human Genome Assemblies

Since the completion of the initial draft of the human reference genome assembly,
ongoing bioinformatic analyses have led to the discovery and improvement of genes,
regulatory elements, enhancers, sequence motifs, and repeated elements. The focus of
the reference assembly was primarily on the euchromatic regions of the human
genome, which typically lack repeated sequences. However, despite significant
progress in the past two decades, the reference assembly still contains gaps,
particularly in regions that are enriched with repetitive elements such as tandem
repeats, interspersed repeats, and segmental duplications(Bailey et al., 2001; Eichler,

2001). Mapping these regions accurately has proven to be challenging.

The advent of long-read genomic sequencing technologies in recent years has greatly
enhanced the efficiency of whole genome sequencing and assembly. The
Telomere-to-Telomere Consortium has made a recent breakthrough by adding and
assembling 8% of the human genome that had previously eluded the reference
assembly. This achievement has resulted in an alternate human genome assembly,
known as T2T-CHM13v2 (T2T-CHM13), which is gapless(Nurk et al., 2022).

The newly characterized regions in the T2T-CHM13 assembly provide a more
comprehensive understanding of the structure and organization of repetitive regions in

the human genome. These regions predominantly consist of tandemly arrayed repeats,
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segmental duplications, and complex repeats in pericentromeric and subtelomeric
regions. Furthermore, the T2T-CHM13 assembly offers sequence and context for the
ribosomal RNA gene clusters located in the short arms of acrocentric chromosomes 13,
14, 15, 21, and 22(Hoyt et al., 2022; International Human Genome Sequencing
Consortium, 2004). These regions were previously unassembled in the GRCh37 and
GRCh38 human genome reference assemblies, and their resolution represents a

significant improvement(Lander et al., 2001).

1.2 Genomic disorders.

Genomic disorders are a group of diseases that result from DNA rearrangements in the
human genome caused by the inherited genomic instability and mutability of our
genome facilitated by the presence of repeat sequences, such as low copy repeats
(LCRs) or segmental duplications (SDs), as well as by the presence of repetitive
sequences such as short interspersed nuclear elements (SINEs) and long interspersed
nuclear elements (LINEs)(Carvalho et al., 2010; Stankiewicz & Lupski, 2002). In
contrast to single base mutation or indels, genomic rearrangements result in the
formation of structural variants including duplications, deletions, inversion, or even

translocations.

The initial studies related to the analyses of chromosomal abnormalities that convey in
severe phenotypes reveal the 17p12 as a region susceptible to rearrangements
encompassing several dosage-gene and rich in both direct and inverted LCR flanking
the region(Carvalho et al., 2010; Gonzaga-Jauregui & Lupski, 2021). The first genomic
disorders reported in the literature are related to this region such as
Charcot—Marie—Tooth disease type 1A (CMT1A), hereditary neuropathy with liability to
pressure palsies (HNPP), Smith—Magenis microdeletion syndrome (SMS) and
Potocki—Lupski microduplication syndrome (PTLS). The high frequency of interspersed
LCR predisposes the region to genomic instability leading to rearrangements mediated
mainly by NAHR(Cardoso et al., 2016). Consequently, the region undergoes structural
variant formation including duplication, deletions, and inversion affecting one or more

genes associated with the aforementioned genomic disorders
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CMT1A is a sensorineural peripheral polyneuropathy caused by duplications
encompassing the gene PMP22, while HNNP is a milder condition with susceptibility to
neuropathy that can be caused by deletion of the gene PMP22. Although copy number
variants (CNV) affect the dosage-sensitive gene, a point mutation in PMP22 can also
convey in phenotypes related to HNPP or CMT1A(Zhang et al., 2010). Additionally,
SMS is a disorder characterized by developmental delay, cognitive impairment, and
behavioral abnormalities caused by genomic deletion of RA/1, similarly, PTLS shows
overlapping clinical features including features of autism, but it is caused by genomic
duplications of RA/1. As with PMP22, point mutations have also been described in RAI1
leading to gain of function in patients with PTLS or implicating haploinsufficiency in
patients with SMS(Vissers et al., 2007).

1.3 Genomic rearrangements

These sequences play major roles in shaping human genomes, promoting
polymorphism, and contributing to genomic instability through genomic rearrangements
leading to population diversity and genetic disease. Genomic rearrangements describe
mutational changes in the genome such as duplication, deletion, insertion, inversion,
and translocation(Currall et al., 2013; Stankiewicz & Lupski, 2002). Genomic
rearrangements can represent polymorphisms that are neutral in function, or they can
also convey phenotypes via diverse mechanisms, including changing the copy number
variation (CNV)of dosage-sensitive genes, disrupting genes, creating fusion genes, or
other mechanisms.

Characterization of many genomic rearrangements causative of human diseases
revealed two rearrangement types that could be distinguished at a given locus:
recurrent and nonrecurrent rearrangements.

Genomic rearrangements can be categorized into two major groups: recurrent and
nonrecurrent rearrangements.Nonallelic homologous recombination (NAHR) between
paralogous sequence repeats is the predominant mechanism underlying recurrent

rearrangements with clustered breakpoints, whereas various mechanisms are


https://www.zotero.org/google-docs/?Gozozy
https://www.zotero.org/google-docs/?dlMYHP
https://www.zotero.org/google-docs/?K6jGsy

implicated in nonrecurrent rearrangements with variable breakpoints(Stankiewicz &
Lupski, 2002).

Thus, two general types of genomic rearrangement, recurrent and nonrecurrent, are
observed and show intrinsically distinct features that reflect their underlying
mechanisms of formation. While recurrent rearrangement involves the same size and
genomic content in unrelated individuals, nonrecurrent rearrangements have a unique
size and genomic content at a given locus in unrelated individuals. These
rearrangements are mediated by highly identical and long repeats such as LCR,
although there are cases, where rearrangements are mediated by short and less
identical, repeats such as Alus(Ade et al., 2013). The nonrecurrent SV breakpoints are

characterized by blunt ends or 133 bp microhomologies,

Overall, there are major mechanisms that have been proposed for genomic
rearrangements in the human genome such as nonallelic homologous recombination
(NAHR), microhomology-mediated break-induced replication (MMBIR) and the Fork
Stalling and Template Switching (FoSTeS) each one using specific repeat sequences as
the substrate for recombination based on the inheritance principle of each

mechanism(Carvalho & Lupski, 2016).

For NAHR, SD and LCR serve as the ideal substrate for recombination as the
properties of these sequences such as their high degree of sequence identity and the
presence of large flanking repeats predispose these regions to misalignments and the
subsequent crossover between can result in recurrent rearrangement resulting in
deletion, duplication, or inversion of the intervening sequence. Recurrent structural
variants often result from NAHR between directly-oriented or inverted LCRs that flank
unique sequence genomic regions(Liu et al., 2012). Most NAHR events that are
causative of genomic disorders result from crossovers between LCRs located on the
same chromosome, that is, intrachromosomal NAHR, or between non-allelic LCRs
located in homologous chromosomes, that is, interchromosomal NAHR. although in
some instances NARH process can be driven by tandem repeats(Dittwald, Gambin,
Szafranski, et al., 2013).
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Even though NARH is the most common mechanism for genomic rearrangements,
there are certain genomic regions prone to instability driven by this mechanism due to
the presence of large and highly identical sequences such as SD and LCR predisposing
these regions to recurrent rearrangements(Shaw, 2004). In addition, the frequency in
which this mechanism occurs is driven by the local genomic architecture depending on
the distance, identity, and size between the couple of LCR acting as the substrate for

recombination.

The major mechanism underlying the recurrent rearrangements is nonallelic
homologous recombination (NAHR); however, the mechanism(s) for nonrecurrent
rearrangements are less well established. Nonhomologous end joining (NHEJ) is a
candidate recombination-based mechanism to explain some nonrecurrent
rearrangements.Although NARH is the most well know, other mechanisms play key
roles in the formation of CNV through nonrecurrent rearrangements such as MMMBIR

or FoSTes in which the microhomology is used as a primer to assist the rearrangement.

The crossovers between directly oriented or inverted LCRs that flank distinctive
genomic regions driven by NAHR events generally result in recurrent rearrangements
that are responsible for most of the well-known and characterized genomic disorders.
In contrast, non-recurrent genomic rearrangements which can include complex
rearrangements produced by microhomology-mediated mechanisms (MMBIR/FoSTeS)

have been identified in other less common disorders.

Overall, recurrent rearrangements are dominated by genomic architectural features of
LCR or SD as act as substrates for an NAHR recombination event, while the role of
genomic architectural features of nonrecurrent rearrangements is still unclear as the
potential mechanisms involved in the formation of nonrecurrent CNVs are caused by a
variety of microhomology-mediated mechanisms such as MMEJ, FoSTeS, MMBIR,
SRS, and BISRS using different sequences as the substrate for recombination including
Alus, L1, and tandem repeats elements(Carvalho & Lupski, 2016). Finally, the genomic
architecture might stimulate the formation of these rearrangements by increasing the

susceptibility for DNA breakage or promoting replication fork stalling.
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1.4 Molecular mechanisms for human genomic rearrangements

There are several mechanisms involved in the formation of structural variants, however
the most common ones and best characterized are Non-Homologous End Joining
(NHEJ), Non Allelic homologous recombinations (NAHR), microhomology-mediated
break induced replication (MMBIR) and Fork stalling template switching (FoSTeS).
NAHR, NHEJ, MMBIR, and FoSTeS probably account for the majority of genomic
rearrangements in our genome and the frequency distribution of the four at a given
locus may partially reflect the genomic architecture of repetitive elements(Carvalho &
Lupski, 2016).

NAHR is the most common mechanism-driven recurrent rearrangement and most of
these events result in genomic disorders from crossovers between LCR. This
mechanism cause interchromosomal and intrachromosomal deletions, duplications, and
inversions depending on variables such as size, orientation, the degree of identity, and
the distance between low-copy repeats (LCRs) or other repetitive elements that serve

as substrates.

The crossovers between directly oriented or inverted LCRs that flank distinctive
genomic regions driven by NAHR events generally result in recurrent rearrangements
that are responsible for most of the well-known and characterized genomic disorders.
The crossover can occur at different levels including intrachromatid recombination
between direct-oriented LCRs resulting in deletions; interchromatid recombination
leading to deletions and duplications; whereas intrachromosomal inverted repeats can

lead to sequence inversions.

The presence of highly identical and long flanking repeats such as LCRs or SDs
predispose genomic regions to instability favoring the formation of recurrent

rearrangements mediated by NAHR.
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Although NAHR is commonly associated as the main mechanism related to classical
genomic disorders, nonrecurrent rearrangements have also been linked to dozens of

genomic disease cases.

While recurrent rearrangements are primarily generated by recombination-associated
mechanisms such as NAHR, non-recurrent rearrangements are caused by a wide
variety of mechanisms such as nonhomologous repair or recombination processes,
including nonhomologous end joining (NHEJ) and microhomologymediated end joining
(MMEJ), as well as replication-based mechanisms, including break-induced replication
(BIR), microhomology-mediated break-induced replication (MMBIR), fork stalling and
template switching (FoSTeS), and serial replication slippage (SRS)(Lee et al., 2007).

NHEJ can cause some basic non-recurrent rearrangements. NHEJ accounts for one of
the major mechanisms responsible for the repair of double-strand breaks (DSB) that
can result in small deletions or insertions. This mechanism can be divided into 4
essential steps, which are as follows: detection of DSB, followed by the molecular
bridging of both broken DNA ends, then modification of the ends to make them
compatible and ligatable; and finally the ligation step. For MMEJ uses small lengths of
microhomology to recombine in order to repair DSBs(Weterings & Chen, 2008).

As these mechanisms do not require from homologous template for the repair of the
DNA, different breakpoints have been associated with different repetitive elements such
as LTR, LINE and Alu. Both NHEJ and MMEJ involve the alignment of
microhomologous sequences internal to the broken ends before joining and are
associated with deletions and insertions, however, NHEJ strictly requires no homology
or only 1-4 bp of homology at the junction, while MMEJ need 1-6 bp of homology to the
ends to align them for repair.

NHEJ can result in accurate blunt breakpoints, leading to small deletions (14 bp) or
insertions of free floating DNA; whereas MMEJ invariably leads to deletion of
sequences between annealed microhomologies.

Importantly, recombination based repair mechanisms, either homologous (NAHR) or

non-homologous (NHEJ, MMEJ), aim to repair double-strand breaks in the DNA;
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whereas replication-based mechanisms (such as MMBIR or FoSTeS) repair
single-ended, double-stranded DNA (seDNA) breaks that may result from collapsed

forks or at chromosome telomeres

In contrast to non-homologous recombination mechanisms, MMBIR and FoSTeS have
been proposed as the major contributors to the generation of nonrecurrent
rearrangements in human genome disorders coupled with structural variants associate

to genomic disorder.

According to FoSTeS, this model implies template switching which refers to a change of
the single-stranded DNA template during replication within the same replication fork or
between distinct replication forks, consequently when the DNA replication fork stalls at
one position, the lagging strand disengages from the original template, transfers and
then anneals to another replication fork in physical proximity, and restarts the DNA
synthesis. The invasion and annealing depend on the microhomology between the
invaded site and the original site. Switching to another fork located downstream
(forward invasion) would result in a deletion, whereas switching to a fork located
upstream (backward invasion) results in a duplication. Depending on whether the
lagging or leading strand in the new fork was invaded and copied, and the direction of
the fork progression, the erroneously incorporated fragment from the new replication
fork would be in a direct or inverted orientation to its original position.This procedure of
disengaging, invading/ annealing and synthesis/extension could occur multiple times in
series caused by the poor processivity of the involved DNA polymerase, and causing

the observed complex rearrangements(Zhang et al., 2009).

In a similar manner, MMBIR acts during the replication stage, but its mechanism is
based on the principle guiding break-induced replication (BIR). In BIR, when the
replicative helicase encounters a nick on the template strand one arm of a replication
fork breaks off promoting homologous recombination mediated by Rad51 that repairs
the broken or collapsed replication forks, however, if the template used for repair
involves a homologous or paralogous sequence in a different chromosome position it

can produce deletion, duplication, and translocation events. While for MMBIR instead of


https://www.zotero.org/google-docs/?ipYw00

requiring RecA/Rad51 for reparation, uses microhomology (1-4bp) to resume a stalled
or collapsed replication fork as opposed to the longer homology tracts that are used in
BIR(Hastings et al., 2009).

Importantly, recombination based repair mechanisms, either homologous (NAHR) or
non-homologous (NHEJ, MMEJ), aim to repair double-strand breaks in the DNA;
whereas replication-based mechanisms (such as MMBIR) repair single-ended,
double-stranded DNA (seDNA) breaks that may result from collapsed forks or at

chromosome telomeres.

1.5 The Role of genomic architecture

Importantly, highly identical sequences such as SD and LCR provide the ideal
substrates for recombination promoting genomic instability and creating hotspots for
recurrent rearrangements by NAHR. The frequency at which NAHR events occur at a
given locus is determined by several factors related to the structure and features of
homologous sequences(Liu et al., 2011). The genome-wide frequency of NAHR is
positively associated with flanking LCRs length but inversely influenced by the distance
between the LCRs. In summary, NAHR is the predominant mechanism for recurrent
rearrangements promoted by nearby LCRs and different pairs can be utilized. However,
LCR length favorably affects the probability of using a particular LCR pairs, while the
distance between repeats may have an adverse effect(Shaw, 2004; Stankiewicz &
Lupski, 2002).

In contrast to the genomic architectural features underlying recurrent rearrangements,
the genomic architectural landscape mediating non-recurrent rearrangements is broad
as different molecular mechanisms are involved in the formation of nonrecurrent
structural variants. The presence of specific genomic structures, such as repetitive
sequences and repeated elements can stimulate the occurrence of template switching
or promote the formation of non-B DNA structures through A-T rich palindromes,
G-quadruplexes, short inverted repeats, and retrotransposable elements. These events

can lead to the collapse of replication forks and, in some cases, the creation of
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double-strand breaks (DSBs). DSBs can be a primary factor contributing to instability in
a specific genomic region, although it is also possible that genomic instability can occur
without the necessity of DSBs.Nevertheless, secondary DNA structures, such as hairpin
loops formed by inverted repeats, have the potential to expose single-stranded
sequences. Moreover, these hairpin structures can enhance the chances of replication
fork stalling, which in turn can trigger a non-recurrent replication-based mechanism.
These secondary DNA structures play significant roles in these processes(Makova &

Weissensteiner, 2023).

Understanding these features of repetitive elements provides valuable insights into the
mechanisms by which they contribute to genomic rearrangements. The length,
abundance, sequence identity, orientation, involvement in replication-based processes,
formation of non-B DNA structures, retrotransposition ability, genomic proximity, and
epigenetic regulation collectively shape the impact of repetitive elements on genomic

rearrangements.
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2. Results

2.1 Previous research contributions

Previous studies have identified repetitive elements that act as templates for various
mechanisms involved in genomic rearrangements. The initial study focused on the
identical repeat backbone of the human genome, specifically exploring the minimum
requirements for non-allelic homologous recombination (NAHR)
events(Zepeda-Mendoza et al., 2010). NAHR requires sequences with a high level of
identity and a minimum length of approximately 300 base pairs (bp). However, this
study solely focused on 100% identity, thereby limiting the identification of other
potential repetitive elements involved in NAHR. The dataset generated in the study
comprises around 2% of the total reference human genome and includes potential
recombinotion sites which overlap important functional and structural elements such as
SDs, including transposon-derived repeats, processed pseudogenes, simple sequence
repeats, and blocks of tandemly repeated sequences and genes. In contrast, the other
study took a broader approach and investigated the distribution of Inverse and direct
paralogous low-copy repeats larger than 1 kB, with over 95% sequence identity,
throughout the entire genome(Dittwald, Gambin, Gonzaga-Jauregui, et al., 2013;
Dittwald, Gambin, Szafranski, et al., 2013).

Unlike the previous studies that focused solely on repetitive elements that could
potentially facilitate NAHR, our research takes a different approach. We introduce a
novel set of parameters that allow us to investigate and identify repeat elements not
only involved in NAHR but also other mechanisms like MMBIR or FoSTeS.We applied
these parameters to analyze three human genome assemblies, aiming to compare the

differences and compositions of the repeated elements identified in each assembly
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2.2 Genome-Wide landscape of identical repeats in the human

genome

In my bioinformatic analyses, | obtained datasets for direct and inverted
intrachromosomal repeats for each of the current human genome assemblies, namely
GRCh37 (hg19), GRCh38 (hg38), and the most recent telomere-to-telomere alternate
assembly (T2T-CHM13). This selection of assemblies allowed the comparison and

assess the variations in repeat sequences across different genome references.

In the GRCh37, GRCh38, and T2T-CHM13 assembilies, | identified a total of 570,829,
573,085, and 585,604 repeated sequence pairs in direct orientation, respectively.
Similarly, for inverted repeats, 611,838, 612,089, and 627,791 pairs in each of the
assemblies analyzed were found. These numbers provide insight into the abundance of

repeated sequences and highlight the importance of studying their characteristics.

To determine the similarities between the repeat pairs, | utilized percent identity as a
measure, considering pairs with a range of 80% to 100% similarity for both direct and
inverted repeats across the assemblies based on the chosen identity parameters
related to genomic rearrangement mediation. Additionally, | observed that the size of the
identified repeats varied significantly, ranging from the minimum parameter of 200 base
pairs to several million base pairs, across all three assemblies and orientations. Notably,
a majority of the repeats, approximately 62-64% in the different assemblies, had a
length below 1 kilobase (kb) (Table 1, Figure 1 D). However, depending on the
assembly and its orientation, around 1% of the repeats exceeded a size of 6 kb or 10 kb
(Table 1).

GRCh37 GRCh38 T2T-CHM13
1% Base 1% Base 1% Base

Repeats repeats pairs Percent| repeats pairs Percent| repeats pairs Percent
Direct >6264 bp 1320525555 10.35%|>6360 bp|328261336| 10.63%|>10038 bp [391552384| 12.56%
Inverted >6240 bp 1328497932 10.61%|>6296 bp|336565558 | 10.90% |>8164 bp [365728379( 11.73%
Both

Non-overlapping

bp 406107270( 13.12% 416913534 | 13.50% 487539841| 15.64%
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Table 1. Percentage of base pairs covered by repeat elements. It is reported the base
pairs(bp) covered by direct and inverted repeats as well as the non-overlapping bp covered by

both type of repeats ans its representative percentages in each one of the assemblies.

The median percent identity for all the identified repeat pairs, considering both direct and
inverted orientations in the three assemblies, was approximately 84.3%. This statistic provides
an overall understanding of the level of similarity observed among the repeats. Furthermore, the
distance between pairs of repeat elements had a median value of 30-31 megabase pairs (Mbp)
across the assemblies (Figure 1, Table 2). These findings shed light on the genomic

organization of repeats and their distribution within the genome.

A GRCh37 GRCh38 T2T-CHM13 B GRCh37 GRCh38 T2T-CHM13
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Figure 1. Statistics for identified direct and inverted repeats across the three assemblies
(GRCh37, GRCh38, and T2T-CHM13). The overall statistics for the identified repeats are very
similar across the three assemblies. A)Length distribution. B) Distance distribution. C) Pairwise

percent identity distribution. D) Size distribution and percentage of repeats in size bins.
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Direct Inverted

GRCh37 | GRCh38 | T2T-CHM13 | GRCh37 | GRCh38 | T2T-CHM13

Total repeat
pairs (N) 570,829 573,085 585,604 611,838 612,089 627,791
Total repeat | 320525555, 328261336,| 391552384, 328497932, 336565558, 365728379,
pairs (bp,%) (1035%)|  (10.63%)|  (12.56%)|  (10.61%)|  (10.90%)|  (11.73%)
Min-Max| 200-395595| 200-395596| 200-1663487| 200-647494| 200-647495| 200-495481
Leng| Median 500 509 525 469 505 520
th Mean 1450 1503 2263 1455 1483 1612
bp) " 2o i, 367079 364350 367493 394368 390579 395079
%|  ©431%)| (6358%) (62.75%)| (64.46%)|  (63.81%)|  (62.93%)
denti| Min-Max 80-100 80-100 80-100 80-100 80-100 80-100
ty | Median 84.29 84.3 84.3 84.25 84.23 84.27
%) [ Mean 85.48 85.5 85.52 85.45 85.46 85.47
-14-2487564| -8-24662386| -8-24765127 | -0995-24922| -2-248093549| 163-2483814
Dista | Min-Max 43 2 7 9690 1 54
('I':IS Median| 30263091] 30098648| 30016196 31119448] 30078896 31094072
Mean| 42739049| 42431203| 42353751| 43275746| 43075283| 43149712

Table 2. Overall stats of direct and inverted repeats - The statistics for the identified direct

and inverted repeats show remarkable similarities across all three assemblies.

In terms of the distribution patterns of direct and inverted repeats across chromosomes,
| observed a similar genome-wide distribution for the three assemblies, with one
exception being the short arms of the acrocentric chromosomes (13, 14, 15, 21, and 22)
in the T2T-CHM13 assembly (Figure 2, Figure 3). This disparity can be justified by
considering the availability of new genomic sequence data in the T2T-CHM13 assembly
specifically for these chromosomal arms, which differs from the reference assemblies.
Consequently, the improved resolution provided by the T2T-CHM13 assembly enabled
the detection of repeated sequences in these regions that were previously unidentified.
This finding highlights the importance of the T2T-CHM13 assembly in uncovering

previously unknown repeat elements in these specific chromosomal arms.

Furthermore, we observed an increased number of repeat elements in chromosome Y
of the T2T-CHM13 assembly, which can be attributed to the enhanced resolution

provided by long-read sequencing techniques. The improved resolution facilitated better
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characterization of the repetitive nature of chromosome Y, leading to the identification of
a higher number of repeat elements compared to the reference assemblies. This
highlights the advantage of utilizing long-read sequencing in capturing the intricate

repetitive structures of chromosome Y.
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Figure 2. Per chromosome distribution of direct and inverted repeats across the genome
in the analyzed assemblies (GRCh37, GRCh38, and T2T-CHM13). The overall distribution of
direct and inverted repeats across the genome was observed to be very similar for the three
assemblies we studied except for an increased number of repeats detected in the acrocentric
chromosomes (13, 14, 15, 21 and 22) of the T2T-CHM13 assembly. A) Per chromosome
distribution of direct repeats across assemblies. B) Per chromosome distribution of inverted

repeats across assemblies.
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Figure 3. Ideogram of the human chromosomes showing the distribution of direct and
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inverted repeats identified in this study across three human genome assemblies
analyzed (GRCh37, GRCh38, and T2T-CHM13). A) Genome-wide distribution of direct repeats
across human chromosomes. B) Genome-wide distribution of inverted repeats across human
chromosomes. Note the representation of repeat elements in the short arms of acrocentric

chromosomes 13, 14, 15, 21 and 22 in the T2T-CHM13 assembly versus the two reference
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assembly versions for both direct and inverted repeats, and more representation of inverted

repeats in the Y chromosome of T2T-CHM13.

By presenting these comprehensive statistics and observations, highlighting the
variations in repeated sequences among different human genome assemblies and
emphasizing the significance of the T2T-CHM13 assembly in uncovering additional

repeat elements in specific chromosomal regions.

2.3 Composition and annotation of direct and inverted repeats across

the genome

It is essential to understand the genomic rearrangements and their association with
human diseases as they can directly impact gene structure, dosage, and regulation.
Recurrent genomic rearrangements often involve large and highly similar repetitive
regions, such as low-copy repeats (LCRs) or segmental duplications (SDs), through
non-allelic homologous recombination (NAHR). Smaller and more divergent repetitive
elements like SINEs and LINEs can also contribute to genomic rearrangements through
microhomology-mediated mechanisms (MMBIR/FoSTeS). For instance, Alu elements, a
subclass of SINEs comprising 11% of the genome, have been implicated in

Alu/Alu-mediated rearrangements.

To gain further insights into the identified repeat datasets, | cross-referenced them with
known repeated elements and protein-coding genes in the human genome. This
allowed a better characterization of the nature of these repeats and their potential

impact on genomic architecture.

In the T2T-CHM13 assembly, it was observed a larger proportion of repeat pairs (65,863
out of 83,512) overlapping segmental duplications compared to the reference
assemblies (approximately 68.84% for GRCh37 and 63.79% for GRCh38). Other types
of repeats, such as LINEs, SINEs, and Alus (Table 3), exhibited similar distribution

patterns across the genome in all three assemblies. However, as expected, there were
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variations in the newly assembled regions of T2T-CHM13 that were not present in the

two reference assemblies (Figure 4).

GRCh37 GRCh38 T2T-CHM13

Repeat

type Direct | Inverted Direct | Inverted Direct Inverted
SINE 194063 205439 189389 200233 198184 199981
LINE 18316 18193 15688 15566 26694 15505
LTR 25000 25579 23757 24377 28431 23977
SDs 17470 17046 20874 20099 37099 28764
Satellite 115 100 94 92 480 288
Other 4273 4302 3852 3815 7404 4418

Table 3. Distribution Patterns of Repeat Elements across the Assemblies - The presence

of repetitive elements does not show a remarkable difference across the three assemblies,

except for SD. In SD, a clear increase in frequency is observed in each of the assemblies.

Total repeats
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Inverted repeats
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Figure 4. Overlap of identified repeated sequences with known repeat elements across
human genome assemblies. A large fraction of repeat pairs was observed overlapping with
segmental duplications, LINEs, and satellite repeats in T2T compared to the reference
assemblies. Other types of repeats were similarly distributed across the genome in the different

assemblies.

2.4 Gene overlap.

| observed that in the GRCh37, GRCh38, and T2T-CHM13 assemblies, there were 933, 970,
and 914 protein-coding genes, respectively, that overlapped with direct repeats. Furthermore,
there were 834, 872, and 847 genes, respectively, that overlapped with inverted repeats (Table
4). Similarly, within a range of 100kb upstream or downstream in the corresponding assemblies,
there were 1872, 1803, and 1796 genes, respectively, that were flanked by direct repeat pairs.
In addition, there were 1413, 1574, and 1428 genes, respectively, that were flanked by inverted
repeat pairs (Table 4). Overall, a total of 3663, 3774, and 3652 nonredundant genes have the
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potential to be affected by rearrangements of the repeats we have identified in the three

assemblies.
GRCh37 GRCh38 T2T-CHM13

Protein coding

genes Direct| Inverted |Direct| Inverted | Direct | Inverted
Overlapped 933 834| 970 872 914 847
Flanked 1872 1413| 1803 1574 1796 1428
OMIM_genes

Overlapped 46 33 49 36 47 35
Flanked 371 259| 347 289 348 262

Table 4. Annotation of Identified Genes - This section presents the annotation of
protein-coding genes, including those associated with diseases, which are found to be

overlapped and flanked by direct and inverted repeats

To analyze the functional implications of the genes potentially affected by genomic
rearrangements, | conducted gene ontology (GO) enrichment analysis. This analysis revealed
that across all three assemblies, the main enriched classes were related to the olfactory system,
including the detection of chemical stimulus (GO:0050911), sensory perception of smell
(G0O:0007608), and GPCR signaling (GO:0007186) (Figure 5). This finding aligns with the
well-known genetic and functional variability observed in the olfactory receptor (OR) gene family
and the role of copy number variations (CNVs) and genomic arrangements in inter-individual
and cross-population variation. Additionally, besides the olfactory system, | identified enrichment
for genes associated with immune response and metabolic processes among the top 10 GO
terms across the three assemblies (Figure 5). Among the genes identified as potentially
impacted by this repeat analysis, 709, 721, and 691 genes in GRCh37, GRCh38, and
T2T-CHM13, respectively, are annotated as diseases associated in OMIM (Table 3). Some of
these genes fulfill dosage-sensitive criteria and have been previously associated with genomic
disorders, such as Bartter syndrome, Hajdu-Cheney syndrome, Ehlers-Danlos syndrome, and

Usher syndrome.
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Figure 5. Gene ontology enrichment analysis. Our analysis showed that genes related to the
olfactory system, G protein-coupled receptor signaling, and a few immune and metabolic
processes were enriched in regions overlapped or flanked by our identified repeated sequences
in the three genome assemblies analyzed. The size of the dot represents the number of genes
contained in the gene set. A) GO analysis for genes found in GRCh37. B) GO analysis for
genes found in GRCh38. C) GO analysis for genes found in T2T-CHM13.

2.5 Repeat overlap with genomic disorder regions and other reported

structural variants

Genomic disorders have been studied over more than two decades to understand the role of
repetitive DNA sequences in remodeling the genome through recombination events that can
result in clinically recognizable human disorders. These events can be facilitated by the
presence of repeated sequences, including low copy repeats (LCRs), segmental duplications
(SDs), short interspersed nuclear elements (SINEs), and long interspersed nuclear elements
(LINEs). Common chromosome deletion/duplication syndromes often involve rearranged
genomic segments flanked by large LCR or SD structures that serve as recombination
substrates. Overall, the instability and mutability of the genome are influenced by the presence

of these repetitive sequences.
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In order to evaluate the utility of the identified repeat pairs for the study of more common
genomic disorders, | cross-referenced the repeats with regions known to be involved in the
generation of recurrent and non-recurrent rearrangements. | observed clustering of repeats and
the presence of larger repeat pairs flanking the reported deletion/duplication CNVs, consistent
with known LCRs mediating recombination events in these regions (Table 5, Figure 6).
Additionally, while looking more broadly at the potential contribution of the repeats to the
generation of reported CNVs and structural variants | observed a higher frequency of deletions
flanked by direct repeats compared to duplications in all three assemblies (Table 6) while for
inversion | detected a few of them flanked by inverted repeats. | also investigated CNVs flanked
by repeats on only one side, as examples have been reported of some non-recurrent

rearrangement breakpoints clustering within individual repeated elements.

For inverted repeats, | looked at the overlap of our repeated elements with previously reported
inversions mediated by mobile element insertions (MEIs) including LINE1 and Alu elements and
SDs. Of the 65 reported MEI mediated inversions, we found 49 overlapped by our repeats,
whilst 194 of 207 of the reported SD mediated inversions overlapped (Figure 7).

Deletions 4294 6779 4082 56023 | 55515 34460 10296 9817 7748

Duplication | 1520 2430 1047 16009 | 15745 6948 3301 2880 1537

Inversions 373 410 219 1812 1461 907 268 246 270

Table 5. Copy Number Variants Detected Overlapping or Flanked by Repeats - The
analysis reveals that duplications and deletions exhibit a higher frequency of overlapping or

flanking with direct or inverted repeats compared to inversions.

25




UCSC Genome Browser on Human (GRCh37/hg19)
move <<< << < > >> >>> ZOOMIin|1.5x 3x 10x base|ZOOM OUt 1.5x 3x 10x 100x

multiregion| chr17:13,997,046-15,647.226 1,650,181 bp. [gene, chromosome range, search terms, help pages, see examples

|[go| examples

[EFER] 170132 ]

ing Clones

‘chn? (©12)

Chromosome Bands Localized by FISH M:

Path Gain

Path Loss

100

RefSeq Curated +————+ |
100 _

RefSeq genes from NCBI

ClinGen CNVs: Pathogenic Gain Coverage
ClinGen CNVs: Pathogenic Loss Coverage

WG_HG19 Collapsed Direct repeats hg19 >80% identity
i i
il

=¥ HHH

-
Tl
! ! | |
! i
| i |
i
i ! i
i
i it
i
| |
|
i !
|
|
Hi
'
i
UCSC Genome Browser on Human (GRCh37/hg19)
move <<< << < > >> >>> ZOOMin|1.5x 3x 10x baseZOOM OUt 1.5x 3x 10x 100x
multi-region | chr17:13,997,046-15,647,226 1,650,181 bp. [gene, chromosome range, search terms, help pages, see examples |[go| examples
‘chn?(b‘?l [(7p133 KR 17p13.1 KET]
Chromosome Bands Localized by FISH Mapping Clones
M RefSeq genes from NCBI
RefSeq Curated +——+—+ | — ' = A H————HHEH )
100 _ ClinGen CNVs: Pathogenic Gain Coverage
Path Gain
0_
100 ClinGen CNVs: Pathogenic Loss Coverage
Path Loss
I 0
wny W W " " W N
i ' h I R
i | - i
H =
Hi ! i |

26



UCSC Genome Browser on Human Jan. 2022 (T2T CHM13v2.0/hs1) (hs1)
move <<< << < > >> >>>|z00MIin 1.5x 3x 10x base |zoom out|1.5x 3x 10x 100x|

| multi-region| chrl7:14,058,896-15,503,665 1,534,770 bp. chromosome range, search terms, help pages, see examples |[go] examples
[ohr17 12) (ZpTa ST T7o7s1 IR 7otz a_t7aiiz R GBia 7oz 51 B oz 53]
Scale 500 kb | hst
Il chn7: | 14,200,000] 14,300,000 14,400,000, 14,500,000] 14,600,000| 14,700,000| 14,800,000  14,900,000| 15,000,000 15,100,000 15,200,000  15,300,000| 15,400,000| 15,500,000|
NCBI RefSeq genes, curated subset (NM_*, NR_*, NP_* or YP_*)
* ! j— 17 ' = 1 e
! 0 S —— RE
e}
ES =
il 100 _ ClinGen CNV's: Pathogenic gain coverage
Dup
Ll 0_
100 ClinGen CNVs: Pathogenic loss coverage
BedGraph Format
Il o
[ g g | e g gy WRoleGepemeTZT,CHMIA Collgaed Diect Ropeate, 1y i1y T Vol
L- i ! [T 1RE IR oo i 4 iR R
et i HEEE i oo i | i i it T i
o i Hi i i =
o i H H i
Vi d H i H i '
! ' i H i
! i i H i | i
| il i i i i
i | ' i i i i
H | | i
H i ! I
H i | ¥
! H] |
' H i
i 1 |
H |
' H |
H |
| H |
i H |
! !
' |
i |
i |
1
!
|
!
1
d
move start Click on a feature for details. Shift+click+draa to 7oom in. Click arev side bars for track ontions. Draa side bars or labels un or down to reordler tracks. Draa tracks left ar riaht to new nosition. Press "2" for kevhoard move end

Figure 6. Genomic region 17p12 with Recurrent/Non-recurrent Rearrangement including
PMP22 Gene associated with Genomic Disorders. Displaying GRCh37, GRCh38,

T2TCHM-13 respectively. Noting Highlighted Pair of Direct Repeats Flanking Dup/Del
Region.
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Figure 7. Percentage of inverted elements for each chromosome recovered/captured in

our study that overlaps with other elements flanking inversions.
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1p36
deletion
Ipterp36.31 syndrome  [Deletion  [Nonrecurrent  |DR-205/206/|DR-248/249/| DR-121/122/
' 211 a/b 255 a/b 132 a/b
1p36
duplication
syndrome Duplication |Nonrecurrent
Sotos Recurrent/Nonr
syndrome Ballifiar ST DR-30271/3 | DR-31118/3 |DR-30465/30
5035.2-q35.3 0292/30289 | 1136/31132 | 482/30479
5935 a/b alb a/b
duplication Recurrent/Nonr
syndrome Duplication |ecurrent
Williams-Beu
ren Recurrent/Nonr
syndrome Deletion ecurrent DR-21496/2 | DR-20841/2 |DR-21233/21
7911.23 1408/21486 | 0836/20691 | 132/21229
7911.23 a/b a/b al/b
duplication Recurrent/Nonr
syndrome Duplication |ecurrent
CHARGE
syndrome Ballifiar NerrEEE DR-16215/1 | DR-15870/1 |DR-16626/16
8g12.2 6243/16191 | 5869/15866 | 426/16498
8912 a/b alb a/b
duplication
syndrome Duplication |Nonrecurrent
Prader-Willi [Deletion
syndrome (paternal) |Recurrent
15q11-q13 DR-292/801 | DR-1429/54 |DR-3968/479
Ange|man Deletion alb 3ab 0/4217 alb
syndrome (maternal) |Recurrent
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15911-913
duplication |Deletion Recurrent/Nonr
syndrome (maternal) |ecurrent
16p11.2
deletion Recurrent/Nonr
16p11.2 syndrome  [Deletion  |ecurrent DR-8345/84 | DR-7848/80 | DR-8305/834
27/8240 a/b | 13/8043 8/7933 a/b
16p11.2
duplication Recurrent/Nonr
syndrome Duplication |ecurrent
Smith-Magen Recurrent/Nonr
is syndrome |Deletion ecurrent DR-6621/66 | DR-6329/67 |DR-7028/702
17p11.2 45/6100/607 [22/6749/671 | 5/6567/6500
2 alb 9alb a/b
Potocki-Lups Recurrent/Nonr
ki syndrome |Duplication |ecurrent
Hereditary
neuropathy
with liability
to pressure
palsies Recurrent/Nonr
17p12 (HNPP) Deletion ecurrent DR-5399 a/b [DR-5752 a/b | DR-5919 a/b
Charcot-Mari
eTooth
disease type Recurrent/Nonr
1A Duplication |ecurrent
DiGeorge/
Velocardiofa
cial Recurrent/Nonr
22q11.2 syndrome Deletion ecurrent DR-1925/19 | DR-3698/38 [DR-6710/657
64/1923 a/b | 64/3921 a/b | 7/6515 a/b
22q11.2
duplication Recurrent/Nonr
syndrome Duplication |ecurrent

Table 6. Repeats Flanking Genomic Disorder Regions - This analysis focuses on identifying
direct repeat IDs that flank regions associated with the occurrence of recurrent and nonrecurrent
rearrangements linked to the onset of genomic disorders.
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3. Materials & Methods

3.1 Identification and collapsing of identical direct and inverted repeat

pairs in the human genome

To study and identify repeat sequences in direct and inverted orientations, we conducted
bioinformatic analyses using the LastZ 1.04.22 algorithm (2007). The goal was to identify repeat
pairs with a minimum pairwise identity of 80% and a minimum length of 200bp. | performed
self-alignment of each chromosome in three human genome assemblies: GRCh37 (hg19),
GRCh38 (hg38), and T2T-CHM13v2.

LastZ 1.04.22. was run to self-align each chromosome of the three human genome assemblies

referenced before, using the following command:

lastz_32 chrN.fa [unmask,softmask=centromere_coordinates] --self --nomirror --step=10

--maxwordcount=1 --masking=100 --strand=minus --seed=match15 --twins=-10..15
--gfextend --ydrop=5000 --interpolation=7000 -filter=identity:80 --filter=nmatch:160
--allocate:traceback=1.99G --outputmasking=chrN_coordinates_masking
--format=general:name1,start1,end1,strand1,length1,name2,start2+,end2+,strand2,length
2,number,identity,score > repeats_chrN.txt.

The choice of parameters for minimum sequence identity and length was based on
experimental data and observations from the literature, both from our own research and that of
others. These parameters are known to be relevant for repeat elements that can mediate
genomic rearrangements through recombination mechanisms like non-allelic homologous
recombination (NAHR), or replication-based processes such as microhomology-mediated

break-induced replication (MMBIR) or fork stalling and template switching (FoSTeS).

For each analyzed assembly, | obtained all pairs of repeats on the positive and negative strands
of each chromosome. This allowed me to distinguish between repeats on the same strand
(direct repeats) and repeats on opposite strands (inverted repeats). | then used an R code for

further analysis of these results.

To handle complex regions where repeats may overlap or be located nearby, we developed an
algorithm to collapse these repeats while still maintaining a minimum homology of 80%. The
LastZ algorithm reports direct or inverted pairs when the alignment exceeds a predetermined

minimum alignment score. However, it does not consider the possibility of extending the
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alignment further to maintain the required homology. Therefore, the collapsing algorithm is
essential for merging the remaining alignments and ensuring accurate results.The resulting
dataset, obtained after the collapse of repeats, was used for downstream analyses, annotations,
and comparisons. This dataset provides valuable information for understanding the

characteristics and distribution of repeat sequences in the human genome.

3.2 Collapsing algorithm development

Once obtained all the repeats across the + and - strand of each chromosome representing the
repeats on the same strand (direct repeats) or repeats on different strands (inverted repeats) |
piped the results to a R code. In general, this code would take some useful information from the
LASTZ results and would build a dataframe the the format with the following general format:
repeatIDO00A, start (initial coordinate of sequence A), end (end coordinate of sequence A),
length (distance between these coordinates start A and end A), and repeatIDO0OB, start_1
(initial coordinate of sequence B), end_1 (coordinate of sequence B), length (distance between
these coordinates start B and end B) and homology_identity (percentage). This information
would allow us to compare each pair of repeats, i.e. pair A1-B1 against pair A2-B2. This
dataframe is ordered from left-most coordinate to right-most coordinate by comparing the An

coordinates.

Criteria to collapse

The algorithm proceeds to take a repeat, for example, the first repeat (first row) in the
dataframe, and would see if the coordinates that delineate An and Bn have an overlap with the
coordinates An+1 and Bn+1 or if they are between certain distance:

1) The first overlap can be to the right, that is, that the sequence An+1 or Bn+1 has the
initial coordinates somewhere in between sequence An or Bn, correspondingly.

2) The second overlap can be to the right, that is, that the sequence An or Bn has the initial
coordinates somewhere in between sequence An+1 or Bn+1, correspondingly.

3) If the sequence An+1 (or Bn+1) is not further than a certain distance from An (or Bn+1,
correspondingly). This distance was found to be between 2kb and 3kb, since we ran a
histogram of the distance between sequence An and sequence An+1 in the original
dataframe to find out what is the mean distance between different repeats. For example,
if we find that the mean distance was 2kb, then we would see if sequences An and An+1

are separated by these length or less to fulfill this criteria.
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If any of these criteria are met for both sequence A and B, then the algorithm takes the
outer-most coordinates that represent the whole overlap for each the part A and B and creates 2
new sequences. Afterwards, we read the fasta file that corresponds to the chromosome in which
these repeats were found both for the sequence A and sequence B of that repeat, so that it can
use the new coordinates to retrieve the exact sequence represented by them and store it in a
temporal vector, which will be our basis of comparison to decide whether the sequences can be
collapsed or not. Then, it will compare if the new A sequence has a homology with new

sequence B above 80% using the Levenshtein distance metric, and if so, they will be collapsed.

Until now, | explained the basic mechanism on how to collapse sequences, but the datasets are
thousands of repeats, so | proceed to do the same exact core algorithm in an iterative way. If 2
repeats are collapsed, for example, repeats 1 and 2, then we store temporarily this new collapse
and compare it with the following repeats, in this case repeat 3. If | can collapse them, then |
update the new collapse as the sequences that represent the collapses between sequences 1,

2 and 3 and so on. From here two things can happen:

This is done until the last repeat to get the new dataframe with the collapsed repeats and the
repeats that could not be collapsed, and this is done both for the direct repeats and the inverted
repeats. To find the homology between the sequences A and B in the inverted repeats | need to
take the reverse complementary of the coordinates of Bn so that | am able to compare and
collapse, since the dataframes are arranged so that sequences An represent the sequence

found in the + strand and the sequences Bn are found in the - strand.

3.3 Repeats annotation and assembly comparisons

| used the collapsed datasets for direct and inverted repeats of each of the three genome
assemblies to cross-reference the coordinates with known and relevant genomic features such
as segmental duplications, repeat elements, and protein-coding genes.

| used CrossMap (Zhao, H et al., 2013) to perform coordinate liftover between the repeats
obtained in each of the three genome assemblies analyzed for comparisons. This allowed us to
check for sequence overlap between elements in the different assemblies and compare the
genome-wide distributions of repeats between and across human genome assemblies.

We looked for overlap between our identified repeats and known repeat elements, such as

SINEs, LINEs, LTRs, segmental duplications, and satellites. Therefore, | compared our direct
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and inverted repeat datasets for all three assemblies with the RepeatMaskerViz dataset to
identify the type of repeat elements that overlapped our repeats in each assembly. Additionally, |
cross-referenced the repeats datasets with RefSeq protein-coding genes to identify genes
overlapped or flanked by repeated elements, and OMIM annotations for genes associated with
human diseases. For overlap, we looked at any repeats overlapping genes by at least 30%,
whereas for genes flanked by pairs of repeats we focused on pairs of repeats with features
compatible with potential for NAHR, mainly >90% sequence identity and up to a distance of 100

Kb upstream or downstream.

3.4 Ontology analysis

The TopGo package in R was utilized for functional enrichment analysis, with the org.Hs.eg.db
annotation package providing Gene Ontology (GO) terms. The gene list used in the analysis
was obtained from the downstream analysis, identifying overlapped and flanked genes. GO
enrichment analysis of the input gene lists was performed using the runTest function in Gene
Ontology, employing Fisher's exact test to determine the significance of gene set
overrepresentation in specific GO terms. The "topGO" package's weight algorithm assigned
weights to GO terms based on their specificity, facilitating the determination of the number of

genes annotated to each term

3.5 Overlap with experimentally validated reported rearrangements

To evaluate the utility of the bioinformatically identified repeats, | looked at the overlap or
flanking of experimentally validated structural variants and genomic rearrangements with my
datasets. | cross-referenced the coordinates of the repeats in the different assemblies with
known genomic disorders, inversions reported by Korbel et al (Porubsky et al., 2022), and the
gnomAD CNVs (Collins et al., 2020) .

The corresponding available datasets were obtained and | used bedtools to intersect the
coordinates of our direct and inverted repeats datasets with the corresponding regions. The
majority of reported datasets were given in GRCh37 coordinates, so we used CrossMap to
perform coordinate liftover to the GRCh38 and T2T-CHM13 assemblies.

For flanking regions, coordinates were obtained using bedtools flank, with a maximum distance

of 100 kb. The flanking regions were overlapped with the set of direct repeats provided in the
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study, and downstream analyses were performed to filter and keep pairs of direct repeats with a
homology above 80% flanking on both sides. Additionally, repeats that were flanking only one

side of the CNV and those overlapping the whole CNV were also identified.
To visualize repeats and features in genomic regions of interest, we uploaded our generated

direct and inverted repeat tracks and looked at other tracks of interest such as pathogenic

deletion and duplications from ClinVar, OMIM genes, Repeat Masker, etc.
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4. Perspectives and discussion.

Genomic architectural features, such as highly similar repeated sequences, play a
crucial role in genome remodeling and long-term evolution. However, they can also
contribute to the short-term burden of diseases. Analyzing these genomic features and
utilizing in vivo and experimental observations can help predict regions of genomic
instability that may lead to genomic rearrangements. Previous studies focusing on
potential substrates for non-allelic homologous recombination (NAHR) events have
successfully demonstrated that predicted unstable regions do undergo rearrangements

in human individuals.

This study aims to address the limitations of previous research by investigating the
impact of genomic repeats on protein-coding genes across multiple genome
assemblies. By including three different assemblies (GRCh37, GRCh38, and
T2T-CHM13), a comprehensive analysis and comparison of repeat-mediated gene
rearrangements can be conducted. The study provides specific gene counts and their
associations with both direct and inverted repeats, offering a detailed understanding of

the potential influence of repeats on gene structure and function.

Moreover, the current work extends the analysis by examining the association of
disease-related genes with the identified repeats. By identifying a significant number of
genes annotated as diseases associated in OMIM, including those fulfilling
dosage-sensitive criteria and known to be involved in genomic disorders, the study
establishes the clinical relevance of the identified repeats. This expands our
understanding of the potential implications of repeat-mediated rearrangements on

disease-associated genes.

In this study, | aimed to provide a genome-wide catalog of direct and inverted repeat
sequences in the human genome that can potentially act as substrates for genomic
rearrangements through different known mechanisms. This study investigates the
distribution and genomic features of repeat pairs with high identity (80-100%) and with a

minimum length of 200bp. We analyzed their characteristics and distribution in three
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available human genome assemblies to evaluate the effect and impact of variable
assemblies in the landscape of these repeats. Our findings show that a large portion of
the human genome is potentially susceptible to genomic instability mediated by direct
and inverted repeats. No major differences were observed among the different
assemblies, except for the newly resolved regions in the T2T-CHM13 assembly not
present in the reference sequence. These regions had been difficult to resolve using the
conventional sequencing methodologies utilized by the Human Genome Project due to
their highly similar and repeat-rich architecture. They are mainly composed of
segmental duplications, ribosomal rRNA gene arrays, and satellite arrays that harbor
unidentified sets of direct or inverted repeats previously overseen. Therefore, it is
unsurprising, yet reassuring, that our analyses were able to identify a high density of

repeat pairs and potentially unstable sequences within these regions.

The majority of the repeated pairs identified through these analyses overlap repeat
elements in the human genome. Although previous analyses have looked at the
distribution of highly identical repeats in the genome that may be substrates for NAHR ,
given the parameters that we used, we now recover repeat tracts formed by smaller
repeated elements such as Alus that have been shown to be involved in
microhomology-mediated genomic rearrangements (Alu-Alu mediated rearrangements
(AAMR)). Further, we identified a significant fraction of protein-coding genes that are
overlapped or flanked by our identified repeats. These are interesting because they

represent “at risk” genes for potentially rearranging and leading to genomic disorders.

These analyses also showed enrichment of repeats overlapping or flanking genes
associated with sensory perception and immune response. CNVs have been previously
reported to contribute to the genetic variation in human olfactory receptor repertoire.
These findings support the observations that the high abundance of repetitive elements
in OR gene clusters contribute to genomic variation. CNVs are known to impact genome
evolution and adaptability by facilitating the expansion or contraction of gene families.
These findings contribute to the understanding of the genetic potential impact of CNVs
and repetitive elements on genome evolution in the context of olfactory receptors and

other biological processes.
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Although the overall distribution of identified repeat elements across human genome
assemblies was very similar, it will be interesting to see if this holds similarly for other
genomes as we start obtaining complete human genomes from individuals of diverse
ancestries. The availability of long-read sequenced human genomes assembled de
novo in a reference-free manner in the years to come offers the possibility to expand the
landscape of human repeat variation and architecture. Analyses like this will serve as
good references to compare the genome-wide landscape and characteristics of these

repeats across many human genomes in the near future.

Overall, the results of this study provide a genome-wide map of potential sequences
and sites that may serve as substrates for different recombination or
replicative-associated mechanisms. These new datasets of direct and inverted repeats
in the three currently used human assemblies could help identify elements mediating
novel copy-number variants and structural rearrangements that may have functional
implications. These data may help uncover new disease-gene associations, facilitate
molecular diagnosis, and offer further insights into genomic unstable regions and

molecular mechanisms contributing to genome rearrangements.
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for coordinate conversion between genome assemblies.
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