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Abstract: Holliday junctions are the first recognized templates of legitimate recombination. Their
prime physiological role is meiotic homologous recombination, resulting in rearrangements of the
genetic material. In humans, recombination hotspots follow a distinct epigenetic pattern designated
by the presence of PR domain-containing protein 9 (PRDM9). Repetitive DNA elements can replicate
in the genome and can pair with short inverted repeats (SIRs) that form Holliday junctions in a
significantly high frequency in vitro. Remarkably, PRDM9 and SIR sequence motifs, which may have
the potential to act as recombination primers associated with transposable elements (TEs) and their
presence, may lead to gradual spreading of recombination events in human genomes. Microdeletion
and microduplication syndromes (MMSs) constitute a significant entity of genetic abnormalities,
almost equal in frequency to aneuploidies. Based on our custom database, which includes all MMSs
shorter than 5 Mbs in length which is the cut-off point for the standard cytogenetic resolution, we
found that the majority of MMSs were present in sequences shorter than 0.5 Mbs. A high probability
of TE-associated and non-TE-associated PRDM9/SIR sequence motifs was found in short and long
MMSs. Significantly, following the Reactome pathway analysis, a number of affected genes have
been associated with the pathophysiological pathways linked to MMSs. In conclusion, PRDM9 or
SIR sequence motifs in regions spanning MMSs hotspots underlie a potential functional mechanism
for MMS occurrences during recombination.

Keywords: short inverted repeats (SIRs); retroelements; transposable element (TE); recombination;
PRDM9; Holliday junction; DNA repair; microduplications; microdeletions; developmental disorders;
sequence motifs

1. Introduction

Over the past 10 years, the ability to analyze the sequence variations in entire genomes
with high-throughput technologies (NGS, aCGH) in research and a clinical diagnostic
framework has led to the identification of pathogenic genomic rearrangements causing
genetic abnormalities with a wide range of syndromic or isolated phenotypic variations [1].
These variations are primarily related to ultrasound findings in embryos, congenital anoma-
lies in neonates, or mental retardation and growth retardation in infants and children,
commonly known as microdeletion and microduplication syndromes (MMSs) [2], and
result in changes in the number of copies of one or more DNA segments (copy number vari-
ations, CNVs) leading to a gain or loss of gene content [2]. CNVs are essentially structural
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genomic markers, which vary in size from 1 kb to a few megabases, and are characterized
either as copy number polymorphisms (CNPs) or as rare polymorphisms responsible for
many genetic syndromes or conditions [3]. CNVs can be pathogenic if the gain or loss
involves one or more genes and present with a direct phenotype to genotype association,
while other CNVs are benign variants within populations and no direct association between
the sequence variation and a pathogenic phenotype can be established [4,5].

In order to determine whether a CNV is pathogenic, certain criteria can be applied. In
general, the main criteria are hereditability, size, and type (duplication or deletion) of the
rearrangement, as well as the content of the underlying gene [6]. Large CNVs are more
likely to cause genetic diseases than smaller CNVs, because of their large gene content
(dose-dependent effect in transcription and translation) [7,8]. Chromosomal region losses
can also lead to a deficiency; the consequence of which is known for involving specific
genes and generating particular phenotypes [7]. On the other hand, duplications are more
difficult to characterize and interpret because they often present with an unclear clinical
phenotype that in most cases may alter gene dosage. Finally, gene content should be taken
into consideration since CNVs that contain many genes or genes associated with known
disorders are much more pathogenic than CNVs containing less genes or genes of unknown
clinical significance or impact on the phenotype [9,10].

In most cases, CNVs are known to occur because of active non-allelic recombination-
based mechanisms. There are two major categories of CNVs: (1) recurrent, and (2) non-
recurrent. Recurrent CNVs are the result of non-allelic homologous recombination events
during meiosis, with clustered breakpoints within defined regions, whereas non-recurrent
CNVs arise mainly by non-homologous end joining, and fork stalling and template switch-
ing (FOSTES). In contrast to recurrent CNVs, non-recurrent CNVs do not share the same
breakpoint regions [11–13].

It is important to note that the chromosomal rearrangements described above are a
result of the genomic architecture of the human genome, which has been acquired over
hundreds of thousands of years of evolution and countless meiotic recombinations. Many
repeats (high copy or low copy) work as substrates for inter- or intrachromosomal recombi-
nation in meiosis and mitosis [14]. Large low copy repeats (LCRs) promote NAHR events
with a frequency directly correlated with LCRs’ homology length and sequence similarity.
Previous and present studies aim to extend the evidence for the existence of a significantly
high number of PRDM9 and short inverted repeats (SIR) sequence motifs related to ge-
nomic rearrangements found in almost all types of meiotic and mitotic recombinations.
There is evidence that non-B DNA formed by SIRs plays a role in genetic instability, dis-
ease etiology, and evolution. Previous notable findings have explained the co-localization
between SIRs and human genomic instability breakpoints [15]. Furthermore, the presence
of PRDM9/SIR motifs is also associated with specific retroelements in proximity with
genes, with transcription start sites (TSSs), and between genes, which can demonstrate
the importance of controlled, mediated, or primed by specific mobile elements in recom-
bination during the evolution of the genome [16]. The importance of PRDM9-associated
meiotic DSBs has been thoroughly examined by Pratto et al. by generating high-quality
recombination maps that has offered novel insights into the roles of specific PRDM9 alleles
in meiotic recombination [17]. Subsequent studies revealed the importance of PRDM9
as a key molecule in the recognition of meiotic recombination hotspots in mammals in
both physiological and pathological conditions, while it is dispensable in the megabase
regulation of the phenomenon [18–21].

Deficiencies in the coordination between mobile repeat elements and PRDM9/SIR
motifs or the inability of the cells to maintain their potent cell cycle control properties may
lead to unbalanced translocations and other somatic genomic defects such as mosaicism
and cancer clonal defects [16]. While repeat elements have continuously and intensively
been involved in mammalian and human evolution in order to create stability, diversity,
and plasticity, they may also have the potential to destabilize the genome under a variety
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of adverse conditions and result in clinically significant defects and disorders under certain
circumstances [22].

This study examines associations of the common MMSs with PRDM9/SIR consensus
sequences using statistical algorithms and tools, and presents evidence that the above-
mentioned sequences are not randomly distributed throughout the genome and are present
in most MMSs, which may indicate a functional mechanism for MMSs generation and
occurrence with potential diagnostic and prognostic significance.

2. Materials and Methods
2.1. Bioinformatic Mining Tools for the Identification of PRDM9/SIRs Residing within the
Boundaries of a Syndrome

To precisely identify the coordinates of MMS sequences in human genomes, we
performed data mining for all microdeletion and microduplication syndromes [1,6]. In
order to document all microdeletion and microduplication syndromes that have been
reported in public databases and scientific publications, we developed two BED files. The
overall syndrome hits were converted from HG19 to HG38 using the lift over tool in the
UCSC browser. The algorithmic steps for the detection of sequence motifs within the
boundaries of syndromes are listed below:

1. We used R 3.5.1 (http://www.r-project.org/) to perform the permutation analysis
and the overlap analysis between Holliday junction hits and syndromes. Based on the
permutation tests, we evaluated the statistical associations between our loci sets using
the Regioner package, which was developed specifically for this purpose [21]. In order to
extend the functionality of the permutation test framework, the user can provide custom
functions. There are several predefined randomization and evaluation functions included
in this framework, which are designed specifically for working with genomic regions.
The exact algorithm and scripts are listed in the supplementary materials and methods
files (Supplemental Dataset S1). With the Regioner package, we evaluated the associations
between our region gene sequence sets based on the permutation tests. Here is a description
of the methodology used to detect sequence variations of SIRs and PPRDM9 motifs that
are statistically correlated with syndromes.

2. Data collection was implemented by utilizing a script written in C# that identified all
different forms of PRDM9 sequence motifs (CCNCCNTNNCCNC) as well as all different
forms of SIR motifs (CCnnnNNNGG where nnnNNN is an inverted repeat pattern). A
total of 64 different SIR sequence variations and 1024 different PRDM9 sequence variations
were identified.

3. R’s matchPattern function was applied to all chromosomes of the genome. As a
result, it produced a text file with all hits containing PRDM9 or SIR. Secondly, R’s regioneR
library was used to perform the overlapPermTest function. Next, R’s regioneR library
was used to perform R’s local ZScore function. In the next step, overlap PermTest plots
and local ZScore plots were saved as JPG images. Following that, the overlap Region’s
function in R was performed using R’s regioneR library. In the last step, the output of the
overlap Region’s function was stored in a text file. The complete R code regarding the
identification of PRDM9/SIR motifs within the boundaries of MMSs can be found here:
http://genescreening.gr/wp-content/uploads/PRDM9_code.r. A p-value < 0.05 and a
Z-score < −3 or >3 were considered significant.

Additionally, the UCSC genome browser provides bioinformatic tools (http://genome.
ucsc.edu/ last accessed on 14 October 2022) [23] to manually screen the human genome (ver-
sion hg38) for PRDM9/SIR sequence motifs residing within the boundaries of syndromes
and their surrounding sequences in each of the 24 human chromosomes, combined with
ENCODE Project Transcription Factor Binding Site Data [24], as previously described [25].
By using Repeat Masker analysis (http://www.repeatmasker.org last accessed on 14 Octo-
ber 2022) [26], we defined whether and where there are repeated elements upstream and
downstream of PRDM9/SIRs, based on a described framework [27]. The default settings
were used as the gold standard in our analyses.

http://www.r-project.org/
http://genescreening.gr/wp-content/uploads/PRDM9_code.r
http://genome.ucsc.edu/
http://genome.ucsc.edu/
http://www.repeatmasker.org
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2.2. Genomic Annotation and Analysis of Genomic Distribution

Genomic annotation and statistical enrichment analysis for genomic regions were
performed using the PAVIS Annotation [28]. Gene-specific analysis was performed with
Genomic Regions Enrichment of Annotations Tool (GREAT) (great.stanford.edu). GREAT
was used to analyze the relative distribution between MMS loci and transcription start
sites (TSS) of human genes [29], using the default association rule settings for statistical
analysis and the Human Genome Version hg38, following established protocols [30]. The
MMS-associated genes were downloaded from the GREAT server and visualized in the
UCSC genome browser. Reactome analysis (www.reactome.org last accessed on 14 October
2022) [31] was used to identify enriched pathways containing the gene set following the
GREAT analysis, as described elsewhere [32].

3. Results
3.1. MMS Coincide with PRDM9/SIRs Motifs

We initially performed data mining for all microdeletion and microduplication syn-
dromes [1,23] and we found that most syndromes (40% of overall syndromes present) are
shorter than 0.5 Mb (Figure S1). As a further step in analyzing the relationship between
syndromes and sequence data, we created two databases in BED format, one with 213
records associated with microdeletion syndromes across the human genome and one with
82 records associated with microduplication syndromes. The names and coordinates of
the breakpoints are listed in each database as separate files (Supplemental Dataset S1).
Correspondingly, we created databases also in BED format for all SIRs that form Holliday
junctions according to the degenerated sequence motif (CCnnnNNNGG) across the human
genome from our previous published data, and one more relating to the PRDM9-related
sequences from the degenerated sequence motif (CCNCCNTNNCCNC) [16,33,34]. All
databases were created based on the hg38 version of the human genome. There is no known
association between PRDM9/SIR motifs, key elements of heterologous recombination, and
any syndromes. A possible mechanism of MMS occurrence may be revealed by their pres-
ence within the breakpoints of a syndrome. For this reason, R statistical querying was used
to define the overlap and statistical correlation between our databases. In particular, we
demonstrated, using the Regioner package [35], which variations of the above-mentioned
sequence motifs are statistically significant and not just random. The motifs were identified
between the boundaries of syndromes. We did our search for gene identification in the
regions between the breaks that promote the emergence of the syndromes. CpG and GC
content are filtered by the Regioner package by programming in R language (https://
bioconductor.org/packages/devel/bioc/vignettes/regioneR/inst/doc/regioneR.html).

A number of 32 unique sequence variations of the total 64 SIR variations that form
Holliday junctions and a result of 11,606 statistically significant genome hits were found
present in 165 microdeletion and microduplication syndromes together with 363 PRDM9
sequence variations of the total 1024 resulting in 14,840 statistically significant genome hits
which appeared more frequently in the syndromes with very low p-values (in all cases
p < 0.05). The results are listed in Supplementary Table S1. A plot of p-values/z-scores
corresponding to PRDM9 hits located in microdeletion and microduplication syndromes
is provided in Figure 1. Supplementary Dataset S1 also includes plots of p-values and
z-scores corresponding to the most statistically associated SIRs hits. By displacing the
PRDM9/SIRs outside the sequence boundaries of each individual syndrome, the z-scores
drop, demonstrating that the association is dependent upon the exact position of the regions
rather than being a non-specific regional effect. Detailed information regarding the number
of SIR and PRDM9 motifs residing within the boundaries of a syndrome is provided in
Supplementary Table S2.

great.stanford.edu
www.reactome.org
https://bioconductor.org/packages/devel/bioc/vignettes/regioneR/inst/doc/regioneR.html
https://bioconductor.org/packages/devel/bioc/vignettes/regioneR/inst/doc/regioneR.html
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Figure 1. Example plots extracted from R indicating the statistical significance of SIRs positions
residing within the boundaries of microdeletion and microduplication syndromes based on per-
mutational analysis. The resultant graph represents the results of the permutation test, based on
p-value (A) and z-score (B). Subfigure (A) depicts a gray histogram representing the evaluation of the
randomized region set with a fitted normal and a black bar representing the mean of the randomized
evaluations. Accordingly, the green line represents the observed hits, while the red line represents the
expected hits, and shows the limit at which the correlation can be statistically or by chance associated
with MMSs. The p-value is equal to 0.05 when the green line coincides with the red line (observed
hits = expected hits). In our analysis, the green line is statistically significant when it is on the right
side of the red line. In addition, a red bar (and red shading) represents the significance limit (by
default 0.05). Thus, if the green bar is in the red-shaded region, it means that the original evaluation
is extremely unlikely and so the p-value will be significant. The X-axis represents the number of the
overlaps between the region sets, while the Y-axis represents the density of probability. Subfigure (B)
depicts plot of the local z-score of the permutation test in subfigure (A). The association is strongly
related to the exact position of the SIRs peaks since the z-score drops sharply as soon as the regions
are shifted a few hundreds of bases.

Different sequence variations show a different frequency of occurrence in MMSs. That
was demonstrated by an association analysis of genomic regions based on permutation tests
in R statistical environment. More specifically, the sequences with the degenerated motifs
have been found to have a direct association with 165 MMS syndromes and indeed with a
very low p-value (p < 0.001). The consensus motifs of all significant PRDM9 and SIR motifs
are depicted in Figure 2. In conclusion, we found a significant correlation between the
boundaries of MMS with specific motifs of PRDM9/SIRs that may mediate recombination.
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Figure 2. PRDM9 and SIR consensus sequences. The consensus motifs of all significant PRDM9 and
SIR motifs are depicted in plot (A) (PRDM9) and plot (B) (SIRs).

3.2. Genomic Features of PRDM9/SIR Motifs in MMSs

Transposable elements (TEs) serve as substrates for illegitimate intra- or interchromo-
somal/interchromatid recombination during meiosis as well as in mitosis, as part of the
repetitive genome. To this end, we analyzed PRDM9/SIR motifs in MMSs for the presence
of TEs, based on the Repeat Masker analysis. In Supplementary Table S3, we present the
distribution and percentage of TE- and non-TE-associated motifs residing in MMSs. The
distribution of TE and non-TE PRDM9/SIR motifs in MMSs is specific, meaning that they
have a particular imprint on individual retroelements. Our Repeat Masker analysis showed
that the three major families of retroelements (ALUs, LINEs, HERVs) are co-existing with
PRDM9/SIRMs within the sequence boundaries of MMSs. More significantly, PRDM9
motifs appear to have evolved along with ALUs and LINEs. In particular, 6181 from the
overall 14,840 hits identified as members of the ALUs repeat family (41.6%) while 1998 from
the overall 14,840 hits identified as members of the LINEs repeat family. On the other hand,
SIRs appeared to have evolved along with HERVs; especially 8342 hits from the overall
11,606 (71.9%) identified as members of the endogenous retroviruses (HERVs). The exact
members of each repeat family are shown in Table S3. From our comparative analysis, we
found that PRDM9 statistically significant sequence motifs reside in ALUs in a percentage
of 41.6% when ALUs’ overall percentage in human genomes is nearly 11%. On the other
hand, SIR statistically significant sequence motifs reside in a percentage of nearly 72% in
HERVs when HERVs’ overall percentage in human genomes equals to 8%.

To gain further insight into the genomic distribution of MMS regions, we performed
an enrichment analysis using the PAVIS Annotation Report from the www.manticore.niehs.
nih server [28]. This tool classifies each region according to whether it resides either in
intergenic regions, promoters, exons, or introns, or it is partially contained within more
than one category. We found that 42.8% of the PRDM9 hits regions reside in introns,
36.2% in intergenic regions, 9.6% downstream of gene regions, 8.4% in promoters, and
2.4% in exons. On the other hand, the genomic location distribution of SIRs was 61.2%
in intergenic regions, 25.9% in introns, 6.4% downstream of gene regions, and 5.6% in
promoters (Figure 3A,B). In general, MMS regions are more enriched and more likely to
emerge in gene-associated regions. The emergence of extensive genomic data has stressed
and established the idea that most genomic repetitive sequences and motifs may play a
regulatory or functional role.

www.manticore.niehs.nih
www.manticore.niehs.nih
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Figure 3. (A) Genomic distribution of PRDM9 sequence motifs. (Upper Panel) Genomic location
distribution in relation to human genes, following PAVIS analysis. The relative abundance of sites
upstream in 5′ UTR, exons, introns, 3′ UTR, downstream, and in intergenic regions are shown in
distinct color bars. (Lower Panel) Gene type distribution. The relative gene type distribution is
shown in distinct color bars. (B) Genomic distribution of SIRs sequence motifs. (Upper Panel)
Genomic location distribution in relation to human genes, following PAVIS analysis. Various color
bars indicate the relative abundance of sites in upstream, 5′ UTR, exons, introns, 3′ UTR, downstream,
and intergenic regions. (Lower Panel) Gene type distribution. Different colored bars indicate the
relative distribution of gene types. (C) Venn diagram for common PRDM9/SIR motifs that have a
significant proximity to human genes.
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Next, we performed a gene annotation analysis to find whether PRDM9/SIR motifs
have a significant proximity to human genes, following the GREAT analysis [29]. We
found that the loci of all our 26,446 significant genomic regions included in the analysis are
associated with common 1127 genes in total, as shown in the Venn diagram presented in
Figure 3C. The resultant genes are presented in Supplementary Table S4.

Subsequent gene ontology (GO) and pathway enrichment analysis revealed that
a significant high number of these genes are taking part in many metabolic pathways
and processes depicted in Figure S2. Among others, genes in GO biological processes
with a significant high number of associated genes are involved in cellular metabolic
processes (633 genes), regulation of biological processes (387 genes), metabolic processes
(371 genes), response to stimulus (188 genes), localization (169 genes), signaling (157 genes),
and multicellular organismal processes (111 genes). Collectively, PRDM9/SIR motifs
reside adjacent to a large number of genes that are associated with significant processes in
organismal physiology.

In the final step, in order to gain further insight into the regulatory footprint of genes
with PRDM9/SIR motifs, we performed a pathway analysis on the Reactome server [31].
The enriched pathways are summarized in Table 1. Among the most enriched pathways,
three contain interactions that include MECP2 protein, five interactions are associated
with RUNX1 and RUNX3 (in mediated transcription regulation), and two are involved
with FGFR2.

Table 1. Top 12 enriched pathways of genes with PRDM9/SIR motifs, based on Reactome analysis.

Pathway Name Found Total p Value FDR Found Total Ratio

MECP2 regulates transcription of neuronal ligands 6 13 8.73 × 10−4 7.76 × 10−1 8 8 0.001

RUNX1 regulates transcription of genes involved
in BCR signaling 4 7 2.99 × 10−3 7.76 × 10−1 4 4 0

TP53 regulates transcription of death receptors
and ligands 6 18 4.36 × 10−3 7.76 × 10−1 4 7 0

RUNX3 regulates RUNX1-mediated transcription 3 4 4.76 × 10−3 7.76 × 10−1 2 2 0

RUNX1 regulates estrogen receptor-mediated
transcription 4 10 1.03 × 10−2 7.76 × 10−1 7 8 0.001

Loss of MECP2 binding ability to 5hmC-DNA 2 2 1.24 × 10−2 7.76 × 10−1 1 1 0

Adrenoceptors 4 11 1.41 × 10−2 7.76 × 10−1 11 12 0.001

RUNX1 regulates transcription of genes involved
in differentiation of keratinocytes 4 11 1.41 × 10−2 7.76 × 10−1 7 8 0.001

Class I peroxisomal membrane protein import 5 20 2.71 × 10−2 7.76 × 10−1 5 6 0

TRAIL signaling 3 8 2.99 × 10−2 7.76 × 10−1 6 6 0

Neurexins and neuroligins 10 60 3.09 × 10−2 7.76 × 10−1 16 19 0.001

L1CAM interactions 17 130 4.81 × 10−2 7.76 × 10−1 15 54 0.004

4. Discussion
4.1. What Does Statistical Significance Mean for the Biology of MMSs

This study examined whether PRDM9 and SIR motifs are statistically associated with
MMSs in a non-random manner. Among the main findings of our study is the existence of
a significant number of unique sequence motifs for PRDM9 and SIR in regions of specific
chromosomes and loci where MMSs occur. In particular, 363 PRDM9 and 32 SIR variations
are associated with a very low p-value and a very high z-score among MMSs. In conjunction
with our previous report [16], our results suggest that mobile genetic elements may disperse
recombination-sensitive sequences throughout the genome, suggesting that the observed
relationship between PRDM9/SIR/MMS does not result by chance. To our knowledge, this
is the first study to directly link the two phenomena.
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The breakpoint analysis showed the presence of two of the major families of mobile
elements (ALUs and HERVs) in the recombined loci, indicating that recombination between
these PRDM9/SIRs and rich mobile elements may lead to syndromic genomic aberrations.
Human mobile genetic elements provide a template for genetic and epigenetic innovation
that can significantly impact physiology or pathology [36,37], as well as activation during
early embryogenesis [38]; a notion that has been verified in other mammals such as the
mouse [25,27]. Previous studies have shown that mobile elements are present in chromo-
somal rearrangements and early development [39,40] identified in routine cytogenetics;
therefore, mobile elements are expected to play a role in short syndromes, between 0.5 and
5 Mb of genomic disorders [41], but also in clinically important rearrangements generating
microdeletions and microduplications.

To further understand the importance of genomic loci containing joint MMSs with
PRDM9 and SIR motifs, two types of analyses were performed. First, we conducted an
enrichment analysis with PAVIS; a tool that performs general annotation and provides
enrichment statistics for genomic regions. We found that MMS/PRDM9/SIR regions
are highly enriched in gene-abundant genomic loci. More importantly, looking into the
enrichment data we may also gain insight into possible mechanisms of MMSs occurrences.
The enrichment in intergenic regions may probably mean that deletions in such regions may
disturb gene regulatory mechanisms, while the enrichments in introns, respectively, may
mean that in such cases MMSs are derived from conserved gene sequence, thus leading to
developmental disruption through recombination of developmental and metabolic clusters.

Second, we performed an MMS-to-gene-specific enrichment using the GREAT tool
and subsequently in gene ontology and PANTHER databases, leading to a major finding of
the current study resulting from gene proximity findings. This analysis revealed that all
our MMSs dataset regions are near or in proximity to genes and more importantly, near,
adjacent, or within genes that control developmental and metabolic processes in Table S4).
This finding comes to agreement with the fact that microdeletion and microduplication
syndromes are interconnected with phenotypes involving developmental disorders. We
believe that critical PRDM9-SIR-MMS motifs in developmental and metabolic gene regions
may function as a template for recombination and may lead to unequal crossovers and struc-
tural variations within the affected breakpoints. Our claim is supported by previous studies
that show that PRDM9-mediated recombination sites also influence genome evolution and
the incidence of genetic diseases [17,19]. As regards metabolic gene regions, our finding
is novel and may represent an additional link between PRDM9/SIRs and recombination-
mediated pathology. The resulting microdeletions or microduplications may affect gene
functionality, either by directly disrupting gene sequences or by affecting neighboring gene
regulatory regions (locus control regions) and thus leading to developmental disorders.
A novel finding that is extracted from this study is that MMSs-associated PRDM9 and
SIRs are responsible for the generation of sequences near or within developmental and
metabolic genes or gene clusters, and may control or participate in a potential mechanism
that explains the underlying phenotype seen in each of these syndromes. More importantly,
they may help to identify the boundaries containing disease-causing genes whose sequence
or adjacent regulatory regions are altered. An interesting finding is the enrichment of
pathways containing interactions of RUNX1, RUNX3, MECP2, and FGFR2. RUNX1 is an
established epigenetic regulator in physiology and pathology with known roles in cancer
development [42]. Importantly, microdeletions in RUNX1 locus have a clinical impact in
myeloid malignancies [43]. On the other hand, MECP2 is a dynamic regulator of hete-
rochromatin formation with significant roles in neurodevelopmental diseases [44]. A series
of cases of MECP2 microduplications link the pathological expression of this gene with Rett
syndrome [45–47]. FGFR2 genomic aberrations are a link between epigenetic dysregulation
and cholangiocarcinoma [48]. Collectively, the pathway analysis reveals several genes
associated with MMS as the most significantly affected among those with PRDM9/SIR
motifs. Further studies in this direction may shed light on a unified regulatory network
that links PRDM9/SIR motif-containing genes with the pathophysiology of MMS.
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Taking together both genomic- and gene-specific enrichment analyses revealed that
MMSs may occur through disruption of regulatory or coding sequences by recombination.
The affected genes in each case are disease-causing and may explain, directly or indirectly,
the underlying phenotype.

4.2. PRDM9/SIR In Silico Motifs and Independent Experimental Data

The current work is a systematic computational approach that combines the SIR
motif identification from a previous study in our lab [16] with a number of computed
sequence variants of PRDM9 motifs (1024 in total) in order to explore the nature and
the possible implications of their co-occurrence. Our results are based on the effort to
explain the non-random co-occurrence of these motifs in MM-associated DNA breaks,
based on the structures derived in human genetic recombination sites. There has been
significant progress made in experimental approaches to study recombination hotspots.
A seminal study by Pratto et al. has linked PRDM9-associated meiotic DSBs with high-
quality recombination maps and has offered novel insights into the roles of specific PRDM9
alleles in meiotic recombination [17]. Significantly, PRDM9 alleles regulate hotspot strength,
contribute to the mutagenic effect of recombination, and play roles in genomic instability
that is seen in MMSs [17]. The phenomenon has also been found to be associated with the
epigenetic state of chromatin [49] and to be sex-specific [50]. Subsequent studies revealed
on the one hand that PRDM9 is essential in meiotic recombination hotspot recognition,
while on the other hand has been found not essential in the megabase-resolution regulation
of the phenomenon [18–21].

In the present study, an independent approach offers an alternative view on possible
additional genomic locations that take part in meiotic recombination, based on in vitro and
in silico data. On the one hand, the lack of experimental verification of our computational
model is a limitation of our study. However, we believe that the significance of our results
is supported by the fact that SIR regions have been shown to take part in four-way junctions
as intermediates of recombination [51], the impact of SIR cruciform structures in interaction
with proteins in eukaryotes, prokaryotes, and viruses [52], and the impact of SIRs as
hotspots for genetic instability in cancer [15]. The validity of our results remains to be
verified by subsequent studies.

Thus, there is a need for future meta-analysis of present data, and high-throughput ex-
perimental data from the aforementioned studies would systematically verify the existence
of concurrent data. Another important parameter that should be taken into consideration
is the impact of copy number variations (CNVs) between individuals in the abundance of
PRDM9-SIR motifs and how these would impact the recombination frequency. The lack of
such dataset is an additional limitation of the current study. We believe that such studies
might add to the resolution of genome-wide recombination maps.

4.3. Conclusions and Future Perspectives

Bioinformatic analysis of NGS data permits the extraction of multiple results con-
cerning either sequence substitutions or sequence rearrangements [53]. With the advent
of high-throughput technology in genetic diagnosis and through the experience gained
in prenatal genetic applications, we now know, in clinical practice, that specific recurrent
MMSs are not rare as a group of genetic disorders and may have frequencies higher than
aneuploidies [54]. Di-George recurrent microdeletion syndrome is more prevalent than
aneuploidies 13 and 18, and is considered second only to Down syndrome [55]. A wide
spectrum of MMSs exists, and even rare non-recurrences can have a high impact on prenatal
investigation and diagnosis. Additionally, their phenotypic spectrum also demonstrates
the clinical variation and significance of MMSs, whether they are detected by prenatal
ultrasound studies, in neonates, or other genetic studies, suggesting a need for a more
robust approach in molecular diagnosis. It has been found that a percentage of 30% or
higher of MMS cases can be underdiagnosed by ultrasound, even when performed by an
experienced feto-maternal specialist [6].
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It would be helpful to understand the evolution and molecular biology of MMSs in
order to develop and apply diagnostic approaches based on bioinformatic analyses of
NGS data. This would address the issue of CNVs involved in the generation of MMSs
as a defined clinical entity using strict criteria. In addition to chromosomal aneuploidies
and microdeletions, WGS-NGS platforms can also monitor gene point mutations [56].
As a result, such technologies might be useful for cancer research as well as in future
clinical practices. The reason for this is that both rare disorders and common disorders are
likely to be caused by similar molecular processes that underlie the generation of multiple
aberrations in embryos and somatic cells.
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