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Multiple paralogs and recombination mechanisms
contribute to the high incidence of 22qll.2
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The 22ql1.2 deletion syndrome (22q11.2DS) is the most common microdeletion disorder. Why the incidence of 22ql1.2DS is
much greater than that of other genomic disorders remains unknown. Short-read sequencing cannot resolve the complex
segmental duplications (SDs) to provide direct confirmation of the hypothesis that the rearrangements are caused by non-
allelic homologous recombination between the low copy repeats on Chromosome 22 (LCR22s). To enable haplotype-spe-
cific assembly and rearrangement mapping in LCR22 clusters, we combined fiber-FISH optical mapping with whole-genome
(ultra-)long-read sequencing or rearrangement-specific long-range PCR on 25 families comprising several different LCR22-
mediated rearrangements. We demonstrate that not only different paralogous SDs but also palindromic AT-rich repeats
(PATRR) within LCR22s are driving 22qll.2 rearrangements. In addition, we show the existence of two different inversion
polymorphisms preceding rearrangement, and somatic mosaicism. The existence of different recombination sites and mech-
anisms in paralogs and PATRRs, which are copy number expanding in the human population, is a likely contributor for the

high 22q11.2DS incidence.
[Supplemental material is available for this article.]

Low copy repeats (LCRs), also referred to as segmental duplications
(SDs), constitute 6.6% of the human genome (Nurk et al. 2022)
and played an important role during human evolution and adap-
tation (Dennis and Eichler 2016). They are defined as DNA seg-
ments with a length of at least 1 kb that share >90% of sequence
identity (Bailey et al. 2001, 2002). Their high sequence homology
is known to be a driver of nonallelic homologous recombination
(NAHR), caused by meiotic misalignment of homologous chromo-
somes or sister chromatids, resulting in reciprocal deletions, dupli-
cations, and inversions (Inoue and Lupski 2002; Porubsky et al.
2022). These recurrent genomic rearrangements often cause geno-
mic disorders, forming collectively an important cause of disabling
diseases in the general population (Angelis et al. 2015).

The 22q11.2 deletion syndrome (22q11.2DS, MIM 188400) is
the most common microdeletion in humans with an estimated in-
cidence of 1in 2148 live births (Blagojevic et al. 2021). 22q11.2DS
has a heterogeneous presentation, including multiple congenital
and later-onset features, such as cardiac, palatal, metabolic, cogni-
tive, and neuropsychiatric abnormalities (McDonald-McGinn
etal. 2015). The presence and severity of the associated clinical ex-
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pression are variable but the causes of this high variability remain
largely unexplained (McDonald-McGinn et al. 2015). Extensive
investigation of the recombination locus is complex due to the
presence of eight LCR clusters on the chromosome, commonly
named LCR22-A until -H (Shaikh et al. 2000). Rearrangements be-
tween different segments occur (McDonald-McGinn et al. 2015;
Campbell et al. 2018), but deletions of the 3 Mb region extending
from LCR22-A to -D represent the main cause (85%) of the
22q11.2DS (Campbell et al. 2018). CNVs distal to LCR22-D repre-
sent a separate condition (MIM 611867).

Why the incidence of the 22q11.2DS is an order of magnitude
higher than any other genomic disorder remains an enigma.
Although it is assumed that the rearrangements are caused by
NAHR between the LCR22s, direct confirmation of this hypothesis
is lacking. This is because for a long time, a gapless reference of the
LCR22s was missing. The gaps were a consequence of a complex
intricate SD structure that could not be resolved by short-read se-
quencing techniques and the lack of bioinformatic pipelines to
create haplotype-resolved LCR22 assemblies (Vollger et al. 2019).

© 2025 Vervoortetal. This article is distributed exclusively by Cold Spring Har-
bor Laboratory Press for the first six months after the full-issue publication date
(see https://genome.cshlp.org/site/misc/terms.xhtml). After six months, it is
available under a Creative Commons License (Attribution-NonCommercial
4.0 International), as described at http://creativecommons.org/licenses/by-
nc/4.0/.
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Mapping the recombination breakpoints within Chr 22

Several attempts to map the rearrangements have provided anec-
dotal results: using long-range PCR and sequencing of two distal
22q11.2 deletions, the breakpoint cluster region (BCR) module
was suggested to be the NAHR site in the distal LCR22-D/E and
LCR22-E/F deletions (Shaikh et al. 2007). By mapping shared
and paralogous sequence polymorphisms of LCR22-A and -D by
sequencing bacterial artificial chromosomes (BACs), this same
BCR module was suggested to also drive the NAHR in a single
LCR22-A/D deletion patient (Guo et al. 2016). With the help of
optical mapping techniques, (Demaerel et al. 2019) were able to
uncover the complex repeat structure of the LCR22s in the hu-
man population. They are characterized by a high variability in
size (200 kb-3 Mb) and structural organization of the LCR22-A
haplotype (Demaerel et al. 2019; Pastor et al. 2020). Most recent-
ly, the telomere-to-telomere (T2T) consortium released the first
gapless fully sequenced haploid genome, including complete

LCR22s (Fig. 1A; Nurk et al. 2022). Although the sequence repre-
sents an existing LCR22-A haplotype, the allele is rather short,
and some specific SDs, present in part of the human population,
are missing (Fig. 1B). Hence, this initial T2T reference cannot be
used as an accurate representation in LCR22-mediated NAHR
research.

It remains unknown whether NAHR alone can explain the
high incidence of the 22q11.2DS. To enable LCR22 haplotype-
aware assembly and rearrangement mapping in those regions,
we combined optical mapping with whole-genome (ultra-)long-
read sequencing and/or rearrangement-specific long-range PCR.
A combination of these methods was applied on 25 families
(patient and parent-of-origin, Supplemental Table S1) to identify
the 22q11 breakpoint regions in the proband, the genomic ele-
ments involved, and gain insights on the recombination
mechanisms.
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Figure 1.

Fiber-FISH analysis of an LCR22-mediated (A-D) rearrangement. (A) UCSC Genome Browser screenshot of T2T with tracks for SDs and BLAT

sequences for fiber-FISH probes in the 22q11.2 region LCR22-A to -D (up) and a close-up of LCR22-A (down). (B) UCSC Genome Browser screenshot of
GRCh38 (hg38) with tracks for gaps, SDs, and BLAT sequences for fiber-FISH probes in LCR22-A. (C) LCR22-A/D rearrangement with de novo assembled
parental LCR22-A, -D allele that contributed to the rearrangement, and 22q11.2DS patient rearrangement alleles. The parental LCR22-A haplotype is not
identical to the reference allele in A, because of the presence of gaps in the reference and haplotype variability observed in the human population. The
sequence in the red box is shared between three alleles and therefore considered to be the locus where putative recombination had taken place. Gray lines
indicate similarities between the alleles of the patient and the parent-of-origin. (D) UCSC Genome Browser screenshot of hg38 with tracks for fiber-FISH

probes and SDs in LCR22-D.
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Results

Fiber-FISH identification of LCR22-specific
recombination clusters

To map NAHR sites, we first generated de novo assembly fiber-FISH
or optical maps of all LCR22-A, -B, -C, and -D alleles in parental
and patient genomes (Fig. 1B-D; Demaerel et al. 2019). Fiber-
FISH provides haplotype-aware de novo assembly at subunit reso-
lution with long-range structural information of the targeted
LCR22 loci. In addition, the loci can be assembled without a priori
structural knowledge of the LCR22s, tackling assembly problems
of regions associated with incorrect reference genome representa-
tion and extreme structural variation.

Crossover regions were determined in 25 families, by compar-
ison of the rearrangement alleles in patient and parent-of-origin
(Supplemental Figs. S1-S3). Our sample collection included five
different LCR22-mediated recombinations: 15 LCR22-A/D dele-
tions, five LCR22-A/B deletions (four patient-parent duos and
one index patient), three LCR22-A/C deletions, one LCR22-B/D
deletion, and one LCR22-C/D deletion (Supplemental Table S1).
Rearrangements occurred for nine families on the maternal allele
and for 15 families on the paternal allele. Fiber-FISH patterns of
the patient and the parent-of-origin, in whom the rearrangement
occurred, were analyzed. All parental alleles showed normal het-
erozygous LCR22-A, homozygous LCR22-B and -C, and hetero-
or homozygous LCR22-D patterns, as described in Demaerel
et al. (2019) and Pastor et al. (2020). In addition, an inversion be-
tween LCR22-A and -D was observed in the parent-of-origin of one
family (BDOO1) (see Fig. 4A below; Supplemental Fig. S1).

Based on in silico predictions, several of the SDs identified
could act as NAHR substrate, and these SDs NAHR sites cluster in
a subset (Table 1; Supplemental Fig. S1). We chose to use reference
genome GRCh38 (hg38) for comparison and visualization of the
LCR22s. For nested deletions involving LCR22-C, the rearrange-
ments cluster in a 10 kb region (Chr 22: 20,688,715-20,698,995),
which is copy number variable in LCR22-A and -D (Table 1), from
now on named RL-C (recombination locus LCR22-C). LCR22-B-me-
diated nested deletions can be subcategorized into two groups: (i)
two out of five crossovers occurred in a 20 kb unit (Chr 22:
20,324,573-20,344,531; RL-B1), and (ii) in three out of five the re-
gion was refined to an 8 kb locus (Chr 22: 20,331,987-20,339,583;
RL-B2) within this 20 kb unit. The 20 kb unit is copy number variable
in both LCR22-A and LCR22-D (Demaerel et al. 2019). Due to the
size and the structural variation, rearrangements involving both
LCR22-A and -D are the most complex to analyze. In 13 out of 15
families, recombination occurs within a 160 kb locus (RL-AD1),

Table 1. 22q11.2 LCR rearrangement loci at fiber-FISH resolution

whereas in the other two families, the recombination was restricted
to a 20 kb (RL-AD2) interval within RL-AD1. All LCR22 recombina-
tion loci identified are part of the larger RL-AD1 locus (Table 1).

Long-read sequencing toolkit to map 22q/1.2 recombinations

Since fiber-FISH resolution is limited, we leveraged long-read se-
quencing and optimized a de novo assembler algorithm to
scrutinize these crossovers in more detail (Fig. 2A). Long-read se-
quencing was performed in ten of the 25 families. Ultra-long-read
Oxford Nanopore Technologies (ONT) sequencing (ULK, Fig. 2B)
was performed in eight families. N50 values were over 50 kb (max-
imum of 132 kb) with an output range of 4-111 Gb. To increase cov-
erage, the ULK data were complemented by standard long-read ONT
sequencing (SLK, Fig. 2B) and/or high duplex (HD) ONT sequencing
in three families. For one family, only SLK was performed. SLK and
HD sequencing resulted in 36-115 Gb and 96 Gb of sequencing
data, respectively, with an N50 value above 21 kb (Supplemental
Table S2). This allowed the identification of the rearrangement
breakpoint in all nine families (Supplemental Table S1).

In addition, we were able to infer the crossover site by long-
range PCR and subsequent long-read PacBio sequencing in one in-
dex patient (AB0O4, Fig. 2B) with an LCR22-A/B deletion.

Ethnicity of all samples for which genome-wide long-read se-
quencing was available was determined based on a principal com-
ponent analysis. All samples appear to be of European descent,
although American influences cannot be excluded (Supplemental
Fig. S4). Also, the relatedness score of all pairs of samples was com-
puted. All parent—child duos’ relatedness scores ranged between
0.222 and 0.225, while the relatedness scores of other duos were
below 0.166, confirming the parent—child relationship of all par-
ent—child duos (Supplemental Fig. S5).

Since existing assembly algorithms were not able to resolve
any of the LCR22 regions, we developed a new targeted haplo-
type-aware assembler. Considering that we are interested in assem-
bling relatively short regions as accurately as possible, we opted for
a seed-and-extend method that assembles both haplotypes in par-
allel, starting from a given seed sequence. The algorithm keeps
track of the variation between the haplotypes and it looks for mis-
match patterns between the reads and each haplotype assembly to
select the correct path during each iteration (Fig. 2C).

Variability of the crossover site at nucleotide resolution

We leveraged these long-read sequencing approaches to resolve
the recombination alleles for the rearrangements occurring in
ten of the 25 families using genome-wide and targeted approaches

Deletion type No. of samples Recombination locus and size

Locus in proximal LCR22 Locus in distal LCR22

LCR22-A/D 13 RL-AD1 (160 kb) Chr 22:18,729,876-18,891,257<" Chr 22:21,162,204-21,325,236“"
2 RL-AD2 (20 kb) Chr 22:18,838,944-18,859,182°" Chr 22:21,115,387-21,137,124<"
LCR22-A/B 2 RL-B1 (20 kb) Chr 22:18,196,206-18,218,744<" Chr 22:20,324,573-20,344,531
3 RL-B2 (8 kb) Chr 22:18,414,455-18,422,770" Chr 22:20,331,987-20,339,583
LCR22-A/C 3 RL-C (10 kb) Chr 22:18,845,620-18,855,844" Chr 22:20,688,715-20,698,995
LCR22-B/D 1 RL-B1 (20 kb) Chr 22:20,324,573-20,344,531 Chr 22:21,152,820-21,173,481<"
LCR22-C/D 1 RL-C (10 kb) Chr 22:20,688,715-20,698,995 Chr 22:21,279,982-21,291,168"

The chromosomal locus corresponds to the genomic location in reference genome hg38. CNV in superscript indicates the presence of copy number
variability of the recombination locus in the LCR22 (-A and -D), based on Demaerel et al. (2019) and Pastor et al. (2020).
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Mapping the recombination breakpoints within Chr 22
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Figure 2. Study design and data analysis of 22q11.2DS recombination loci. (A) LCR22 composition of
afamily trio. The parent-of-origin is the parent in whom the recombination occurred. The red-blue com-
position in the patient represents the recombined LCR22 structure. In this example, an interchromosomal
recombination is presented, although intrachromosomal recombinations are possible as well. (B) The pa-
tient and the parent-of-origin were sequenced using one or a combination of whole-genome ultra-long
and/or standard long ONT sequencing. In one patient (AB004), a targeted breakpoint-specific long-
range PCR was designed in combination with PacBio single-molecule real-time (SMRT) sequencing of
the fragment. (C) Following de novo assembly of the different proximal and distal LCR22 alleles in the
patient and parent-of-origin, the recombination-involved parental haplotypes (proximal and distal)
were identified via SNP comparison, followed by a delineation of the breakpoint locus by LCR22 proxi-
mal-specific (red) and distal-specific (blue) SNPs. These SNPs are shared between the patient and the pa-
rental proximal or distal LCR22, respectively, but not with the other (proximal or distal) LCR22 involved in
the CNV. The recombination locus was scrutinized for its precise coordinates, elucidating the genes and

repetitive elements involved.

in nine and one families, respectively (Fig. 3; Table 2; Supplemen-
tal Fig. S4). As opposed to the larger, apparently uniform, blocks
identified by optical mapping, the breakpoint loci identified by
this approach were scattered within these blocks (Fig. 3) and locat-
ed in a variety of gene loci and involving various repetitive ele-
ments (Table 2; Supplemental Fig. S4).

In three out of the five LCR22-A/B deletions, the fiber-FISH
pattern showed a clear transition from LCR22-A to -B in the ab-
sence of large SDs structures of >20 kb, where NAHR could have
taken place (Supplemental Fig. 1; Table 1). Using ultra-long-read
sequencing (patients ABOO1 and AB002) and SMRT long-read se-
quencing (patient ABOO4), we revealed that the crossover occurred
within a palindromic AT-rich repeat (PATRR). In addition, in fam-
ily ABOO1, a 50 bp LINE element, which was not present on either
parental allele, was inserted at the recombination site between two
PATRRs. The presence of a LINE insertion and the involvement of
the PATRRs provide evidence for nonhomologous end joining
(NHE]) as a cause of 22q11.2 deletion.

Complex recombination patterns mediated by LCR22 inversions

In a family (BD0O1) with a de novo LCR22-B/D deletion, the fiber-
FISH LCR22 structures showed (i) a normal LCR22-A, -B, -C, and
-D, (ii) an LCR22 block with the proximal start of LCR22-A com-
bined with the proximal part of LCR22-B in an inverted orienta-
tion (LCR22-A/Binv), and (iii) the distal end of LCR22-A in
an inverted orientation coupled to the distal end of LCR22-D

(LCR22-Ainv/D) (Fig. 4A; Supplemental
- Fig. S1). In the parent-of-origin, the nor-
; mal LCR22-A, -B, -C, and -D alleles were
observed, as well as an allele indicative
of an LCR22-A/D inversion (Fig. 4A;
Supplemental Fig. S1). Interphase-FISH
using probes proximal and distal from

Targeted: long-range PCR LCR22-A and proximal from LCR22-B

— shows the presence of an inversion in

l 100% of the cells of both the patient

Y e and the parent-of-origin (Fig. 4B;
— Supplemental Table S3). Indeed, the
Fragment size ~ 3kb presence of a parental LCR22-A/D inver-
l sion in combination with an NAHR re-

combination between LCR22-A and -B
does explain the observed fiber-FISH
structures in the patient. Using long-
read sequencing, this recombination
was shown to be intronic in the
FAM230 paralog in both LCR22-A and
-B. As a consequence, the locus between
LCR22-B and -D is deleted.

In a family (AB00O2) with a de novo
LCR22-A/B deletion, a mosaic LCR22-
A/B deletion was identified via low-
pass sequencing, and validated by array
comparative genomic hybridization
(arrayCGH), SNP array, and dual color in-
terphase-FISH (TUPLE1/Arsa). Fiber-FISH
uncovered the presence of three different
alleles in the patient: (i) a normal LCR22-
A and -B haplotype, (ii) the LCR22-A/B
deletion haplotype, and (iii) a haplotype
carrying an inversion between LCR22-A
and -B (Fig. 4C; Supplemental Fig. S1).
The fiber-FISH patterns in the parent-of-origin showed two normal
alleles (Fig. 4C; Supplemental Fig. S1). In addition, interphase-FISH
validated the presence of the three haplotypes and uncovered that
each cell carried a wild-type 22q11.2 locus and either the LCR22-A/
B deletion or inversion (Fig. 4D; Supplemental Table S3). We hy-
pothesize the LCR22-A/B deletion was created from the LCR22-
A/B inversion allele in an early stage during embryogenesis. Based
on whole-genome ultra-long-read sequencing data of the family,
the deletion crossover was pinpointed in a PATRR of LCR22-A
and -B of the inversion allele. Similarly, these PATRRs seem to be
responsible for the creation of the inversion allele as well (Fig.
4C). The most parsimonious explanation is that two consecutive
PATRR-mediated events created an LCR22-A/B inversion and a
deletion allele in the patient from family ABOO2 (Fig. 4C).

PacBio SMRT Sequencing

Chromosomal location?
Gene content?
Repeat elements?

Discussion

Due to the limitations of short- and standard long-read sequencing
methods and the absence of an accurate reference genome, the ex-
act positions of the recombinations of the 22q11.2DS remained
uncharted. As a consequence, the mechanisms involved in the re-
combination and the reason for the high incidence of 22q11.2 re-
arrangements remained unknown. The recent efforts of the T2T
consortium have proven that assembling even a relatively short
LCR22-A is not a trivial task and requires combining both HiFi
and ONT reads at sequencing depths several magnitudes higher
than regular data sets were able to resolve the LCR22-A
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Figure 3. Schematic visualization of 22q11.2 recombination breakpoints. The graph represents the 22q11.2 locus, its SDs, and known genes. Lines be-
tween LCR22s connect the proximal and distal breakpoint of a family-specific recombination. Solid red lines represent PATRR-mediated recombinations,
and solid blue lines represent NAHR-mediated recombinations. The position of genes located in the involved recombination sequences is shown via blue or

green vertical dotted lines.

(Rautiainen et al. 2023). In this study, we mapped the recombina-
tion sites in 25 families with de novo 22q11.2 CNVs using fiber-
FISH and optical mapping approaches. By developing and imple-
menting a method that is capable of producing haplotype-aware
assemblies of the 22q11 region with only ONT-based long reads,
we were able to map the recombination sites at the nucleotide res-
olution in ten families using long-read sequencing. Since the dif-
ferent LCRs22 -A and -D haplotypes were mapped in the parents
but not phased, it is not possible to distinguish between interchro-
mosomal and interchromatidal events. Here, we demonstrate that
different paralogs in the LCR22s can drive recombination and that
most paralogous are copy variable in the population. Furthermore,
we reveal that different rearrangements occur in the PATRR loci
within the LCR22s, suggesting that not only NAHR but also break-

age-mediated repair mechanisms occur. In addition, the involve-
ment of LINE-mediated rearrangements could also be caused by
replication or transcription-based mechanisms (Robberecht et al.
2013; Song et al. 2018). We hypothesize that the occurrence of dif-
ferent mechanisms and the variability in the number of paralog re-
gions strongly contribute to the higher incidence of 22q11.2DS as
compared to other deletion syndromes. Howevet, also other selec-
tive pressures such as f.e. variability in embryonic lethality may
contribute.

PATRRs are palindromic sequences that create genomic insta-
bility via the formation of single-stranded hairpin or double-
stranded cruciform secondary structures. Those cruciforms are sen-
sitive to the generation of double-strand breaks, which are repaired
via NHE]J (Kato et al. 2012). The LCR22-B PATRR is known to drive
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Figure4. Inversion-associated rearrangements. (A) Schematic representation of the rearrangement of family BDOO1: the parent-of-origin (left) carries an
LCR22-A/D inversion, which is recombined between LCR22-A and -B (dotted line) causing the presence of a deletion allele in the patient, missing the se-
quence from LCR22-B until -D. In addition, the patient inherited one of the wild-type alleles of the other parent (right). Colored dots represent the probes
used in the interphase-FISH. (B) Interphase-FISH results using color-labeled probes CH17-320A22 (proximal LCR22-A, blue, B), CH17-222C16 (distal
LCR22-A, green, G), and CH17-389E17 (proximal LCR22-B, red, R) in the parent-of-origin (left), patient BDOO1 (middle), and the other parent (right).
(C) Schematic representation of the rearrangement of family AB002: both parents carry two normal LCR22 haplotypes (LCR22-A until -D). The patient
carries a wild-type allele (right) and an LCR22-A/B inversion allele is observed (inverted gray arrow), created by the recombination (dotted line and arrow)
of the LCR22-A and -B allele from the parent-of-origin. We hypothesize the deletion is created in a consecutive manner by a new recombination between
these blocks. Colored dots represent the probes used in the interphase-FISH. (D) Interphase-FISH results using color-labeled probes CH17-320A22 (prox-
imal LCR22-A, blue, B), CH17-222C16 (distal LCR22-A, green, G), CH17-389E17 (proximal LCR22-B, red, R), and RP11-354K13 (distal LCR22-D, yellow, Y)
in a control individual (left), deletion-carrying cell of patient AB002 (middle), and inversion-carrying cell of patient ABO02 (right).

recurrent 22q11.2 translocations with the 1p21.2, 8q23.1, 11q23, that PATRR size polymorphisms influence the rearrangement fre-
and 17q11.2loci (Kurahashi et al. 2006; Kato et al. 2012), but has quency of de novo t(11;22) translocations (Kato et al. 2006;
not been reported to be involved in 22q11.2 deletions. Here, we Tong et al. 2010). For example, larger and symmetric PATRRs on
show the involvement of the PATRR sequence located within Chromosomes 11 and 22 are more prone to t(11;22) translocations
LCR22-A and -B to create LCR22-A/B deletions. It is known (Kato et al. 2006; Tong et al. 2010). Exploring publicly available
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Table 2. 22q11.2 LCR rearrangement loci (RL) at nucleotide resolution

Nucleotide-level rearrangement Repeat
Family (deletion) Sequencing technology RL locus (hg38) Gene content content
ADO04 (LCR22-A/D)  SLR, ULR, HDR (ONT) RL-AD1 (160 kb) 319 bp intronic: GGT3P (A) L2 LINE
Chr 22:18,775,948-18,776,026 (A)  GGT2 (D)
Chr 22:21,210,278-21,210,356 (D)
ADOO7 (LCR22-A/D)  SLR (ONT) RL-AD1 (160 kb) 421 bp exonic/intronic: GGT3P (A) L2 LINE
Chr 22:18,791,335-18,791,756 (A)  GGT2 (D)
Chr 22:21,225,667-21,226,088 (D)
ADOO8 (LCR22-A/D)  ULR (ONT) RL-AD1 (160 kb) 650 bp exonic/intronic: GGT3P (A) L2 LINE
Chr 22:18,791,386-18,792,037 (A)  GGT2 (D)
Chr 22:21,225,716-21,226,367 (D)
ABOO1 (LCR22-A/B)  ULR (ONT) RL-B2 (8 kb) AT repeat within 8 kb locus intronic: FAM230D (A) PATRR
Chr 22:18,201,246-18,207,385 (A)  FAM230G (B)
Chr 22:20,336,265-20,339,445 (D)
ABO002 (LCR22-A/B)  ULR (ONT) RL-B2 (8 kb) AT repeat within 8 kb locus intronic: FAM230D (A) PATRR
Chr 22:18,201,246-18,207,385 (A)  FAM230G (B)
Chr 22:20,336,265-20,339,445 (D)
ABO004 (LCR22-A/B)  Long-range PCR and RL-B2 (8 kb) AT repeat within 8 kb locus intronic: FAM230D (A) PATRR
PacBio SMRT sequencing Chr 22:18,201,246-18,207,385 (A)  FAM230G (B)
Chr 22:20,336,265-20,339,445 (D)
ACO001 (LCR22-A/C)  ULR (ONT) RL-C (10 kb) 119 bp - Alujo
Chr 22:18,855,275-18,855,394 (A) SINE
Chr 22:20,698,426-20,698,545 (C)
ACO002 (LCR22-A/C)  ULR (ONT) RL-C (10 kb) 866 bp exonic: POM121L15P (A) AluS
Chr 22:18,845,968-18,846,834 (A) POM121L4P (D) SINE
Chr 22:20,689,067-20,689,933 (C)
BDO0O1 (LCR22-B/D)  STR, ULR (ONT) RL-B1 (20 kb) 200 bp intronic: FAM230D (A) /
Chr 22:18,187,091-18,187,290 (A)  FAM230G (B)
Chr 22:20,353,454-20,353,653 (B)
CDO001 (LCR22-C/D)  STR, ULR (ONT) RL-C (10 kb) 200 bp intronic: POM121L8P (D) /

Chr 22:20,697,310-20,697,507 (C)
Chr 22:21,290,100-21,290,300 (D)

The first column shows the family identifier, based on Supplemental Table1, and diagnosed deletion type. The fiber-FISH based (Table 1) as well as the
length of the RL is presented in the second column. The third column provides the position of the last proximal-specific SNP and the first distal-specific
SNP and the length of the locus. The exact position could not be mapped for the three PATRR-mediated LCR22-A/B deletions due to the presence of
several PATRRs in the reference genome. Columns four and five show the gene and repeat content, respectively. Repetitive elements and gene exons/
introns can be fully or partly covered in the recombination locus. More information on the exact composition of the recombination locus can be found
in Supplemental Fig 3. In family BDOO1, the deletion is diagnosed as LCR22-B/D; however, the recombination occurred between LCR22-A and -B (cor-
responding to chromosomal loci in the third column), as explained in Figure 4C.
(RL) Recombination locus, (SLR) standard long-read sequencing, (ULR) ultra-long-read sequencing, (HDR) high duplex read sequencing.

assemblies using RepeatMasker (Smit et al. 2013), we observed
copy number variations of PATRR-HSATI-AluY triplets ranging be-
tween 1 and 26 copies in ten investigated alleles (Supplemental
Table S4). The biggest variation was observed in LCR22-B with frag-
ment lengths going from ~3 kb to 25 kb. Moreover, since all the
deletion breakpoints mapped within PATRR sites were found in re-
arrangements involving LCR22-B it is likely that this repeat expan-
sion might affect the rearrangement frequency. Population scaled
mapping of this variation will provide more insights about their
role. Also, it has been shown that secondary structure formation
and double-strand breaks can occur both during meiosis and mito-
sis (Correll-Tash et al. 2021). Here, we identified an individual with
a possible meiotic, followed by a mitotic progression of PATRR-
driven rearrangements (AB0O2, Fig. 4C). Alternatively, both the in-
version and the deletion could have occurred postzygotically, but
this possibility appears less likely given the absence of a nonrear-
ranged LCR22 haplotype inherited from the parent-of-origin.
Different SDs contribute to NAHR events at the 22q11.2 locus
(Table 2). Hence, various recombination loci may be present in the
shared modules between the two involved LCR22s (proximal and
distal) and these create variability of the crossover locus. The iden-

tification of multiple subunits driving NAHR is also observed in
other genomic disorders, for example, neurofibromatosis type I de-
letions (Summerer et al. 2018) and Sotos syndrome 5935 CNVs
(Visser et al. 2005a,b). In 22q11.2DS, in addition, many of the
NAHR and PATRR sites appear to be copy number variable. It
thus seems likely that expanded haplotypes may be more likely
to predispose to rearrangement events. This hypothesis can now
be tested by analyzing LCR22s in a larger (22q11.2DS) population.
Interestingly, the genes where the rearrangements took place ap-
pear to involve the core 22q11 duplicons. Core duplicons were de-
fined structurally as ancestral duplicons that were represented in
more than 67% of the blocks within a given clade (Jiang et al.
2007). In this paper, no core duplicons for 22q11 were identified,
likely because it remained impossible to sequence the SDs on
22q11. When looking at the individual SDs driving the SD22 ex-
pansion, it seems likely the GGT3P gene module is a core duplicon.
Also, the FAM230, POM121, and BRC modules are very recurrent.
Interestingly, polymorphisms of the core duplicons in Chromo-
some 15 (GOLGAS8), Chromosome 16 (BOLA2) have been shown
to drive the rearrangements (Antonacci et al. 2014; Nuttle et al.
2016; Maggiolini et al. 2019; Paparella et al. 2023).
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Among the families studied, we identified two individuals
with LCR22-mediated inversions, one a parent-of-origin with an
LCR22-A/D inversion that led to an LCR22-B/D deletion offspring,
and the other a patient with a mosaic genotype that included an
LCR22-A/B inversion. Previous studies had failed to identify such
inversions in 22q11.2DS (Gebhardt et al. 2003; Vergés et al.
2017). However, the availability of a gapless T2T assembly of the
human genome (T2T-CHM13) has enabled a more complete anal-
ysis of genomic variation (Nurk et al. 2022). Using long-read se-
quencing and Strand-seq data of 52 samples from the 1000
Genomes Project and mapping these against the T2T-CHM13 ref-
erence has provided a more complete view of the genome-wide in-
version polymorphism (Hanlon et al. 2022; Porubsky et al. 2022,
2023). Although not directly related to disease, LCR-mediated in-
version polymorphisms drive NAHR, thus can lead to genomic dis-
orders (Shaw and Lupski 2004). Examples of this phenomenon can
be found in the high incidence of inversion-carrying parents-of-or-
igin in Williams-Beuren syndrome (Osborne et al. 2001), Angel-
man syndrome, Sotos syndrome, 8p23.1 microdeletion, and
15923 and 15924 microdeletion syndromes (Puig et al. 2015). In
some cases, these disease-predisposing inversion polymorphisms
can be linked to phenotypic consequences (Boettger et al. 2012;
Steinberg et al. 2012). To address the incidence and eventual phe-
notypic consequences in 22q11.2DS, it will be critical to survey
many more human genomes and to sequence and resolve the large
complex LCR22s flanking the inversion polymorphisms, along
with deep phenotyping data.

We observed one individual to be mosaic, with 50% white
blood cells to have a normal oriented LCR22 haplotype, 25% an
LCR22-A/B inversion haplotype, and 25% an LCR22-A/B deletion.
Mosaicism of the 22q11.2 deletion is rare, with few cases previous-
ly reported (Consevage et al. 1996; Chen et al. 2004; Patel et al.
2006; Halder et al. 2008; Chen et al. 2019). These reports were
based on standard interphase or metaphase FISH testing, and
thus no recombination sites were mapped. Interestingly, one
case described 22q11.2 deletion mosaicism in a miscarried fetus
(85% of cells) as well as in the mother (11% of cells), suggesting
an increased recombination susceptibility for the specific chromo-
some involved (Patel et al. 2006). It will be of interest to map the
LCR22 haplotypes of other individuals with 22q11.2DS mosai-
cism. We hypothesize inversions and PATRRs to be drivers of post-
zygotic rearrangements.

In conclusion, we uncovered crossovers occur in different
paralogs within the LCR22s and both NAHR and NHE] can cause
22q11.2DS. However, the large and complex LCR22s -A and -D re-
main challenging to sequence, which resulted in only a limited
number of recombinations resolved, despite being the most fre-
quent. Fiber-FISH and Bionano optical mapping provide an or-
thogonal approach for studying repetitive regions in the genome
by generating high-resolution maps from ultra-long DNA mole-
cules. Those approaches are likely to support and guide sequenc-
ing-based de novo genome assemblies for those complex regions.
With improved and cheaper long-read sequencing technologies,
it becomes feasible to de novo assemble the ultra-long and com-
plex LCR22s which, in turn, will enable to saturate the landscape
of 22q11.2 rearrangements. Since haplotype variability of SDs
has been shown to affect rearrangement predisposition for other
genomic disorders (Steinberg et al. 2012), exploration of the size,
numbers, and orientation of paralog variability can potentially
uncover predisposing or protective alleles. The presence of a vari-
able number and sequence polymorphism within the PATRR se-
quences in both LCR22-A and -B hint that this may be the case.

In addition, with fully sequenced LCR22s it becomes possible to
explore how the LCR22 repeat variability, orientation, and rear-
rangements affect the 22q11.2DS phenotype.

Methods

Sample collection

A total of 49 Epstein-Barr virus transformed (EBV) cell lines, of
which 25 were index patients with a de novo 22q11.2 deletion
and 24 were parents-of-origin, were collected for the study (Supple-
mental Table S1). Four samples were collected from Albert Einstein
College of Medicine (New York), 24 from University of Toronto,
two from Children’s Hospital of Philadelphia, and 21 from Univer-
sity Hospital Leuven. Seven of the LCR22-A/D deletion duos
(AD009-ADO15, Supplemental Table S1) were previously used in
the study of Demaerel et al. (2019), and here their patterns were re-
analyzed for crossover site delineation. All patients and parents
had given written consent to participate in genetic research of
the 22q11.2 CNV. The EBV cell lines were the starting material
for the fiber-FISH and sequencing sample preparation. Study ap-
proval was obtained from the Medical Ethics Committee of the
University Hospital/KU Leuven (552418), and at the Institutional
Review Boards of the originating sites of the participating families:
Clinical Genetics Research Program at the Centre for Addiction
and Mental Health (REB 114/2001-02), the Albert Einstein College
of Medicine (IRB 1999-201-047), and Children’s Hospital of Phila-
delphia (IRB protocol 07-005352). Additional information regard-
ing the samples is available in Supplemental Table S1.

Fiber-FISH and optical mapping

To haplotype the LCRs on Chromosome 22, we used the LCR22-
specific fiber-FISH method as described in Demaerel et al. (2019).
In short, long DNA fibers were extracted from EBV cell lines
from probands and the parent-of-origin using the Genomic
Vision extraction kit (Genomic Vision). These long DNA mole-
cules were combed onto slides and hybridized using an LCR22-
specific customized probe set (Demaerel et al. 2019). Following au-
tomated microscopy scanning of the slides (FiberVision, Genomic
Vision), the data were analyzed by manually indicating regions of
interest (FiberStudio, Genomic Vision). Haplotypes were de novo
assembled, with a coverage of at least 5x, using matching colors
and distances between the probes as anchors. Patterns of recom-
bined LCR22s of the patients were compared to the parental pat-
terns to identify the haplotype alteration position. Optical
mapping data were obtained for the AD004 Parent. DNA was
extracted using the SP-G2 Blood & Cell culture DNA Isolation kit
(80060, Bionano Genomics) and labeled using the DLS-G2 DNA
labeling Kit (DLE-1 labeling enzyme, 80046, Bionano Genomics).
The sample was loaded onto Saphyr Chips G2.3 (Bionano Geno-
mics, linearized, and visualized using the Saphyr Instrument
(Bionano Genomics), according to the System User Guide. The
analysis was performed by de novo assembly against the hg38 ref-
erence genome in Bionano Access Software (Bionano Genomics).

(Ultra-)long-read sequencing via ONT

Ultra-high molecular weight (UHMW) DNA (50 kb-1 Mb) was ex-
tracted via the UHMW DNA extraction protocol of the Nanobind
CBB Big DNA kit (Circulomics) or via the Monarch HMW DNA
Extraction Kit for Cells & Blood (New England Biolabs) and quan-
tified using Qubit dsDNA Broad Range kit (Thermo Fisher
Scientific). Approximately 40 pug was used as input for sequencing
(SQK-ULKO01 library preparation kit, ONT). The UHMW DNA was
tagmented and adapters attached to the DNA ends, followed by a
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disk-based clean-up reaction or spermine precipitation (SQK-
ULKOO1, ONT). One-third of the library was loaded onto a
Promethion flow cell (ONT). The flow cells were washed twice
and reloaded with the remaining two-thirds of the library after
24 h and 48 h. Run statistics are presented in Supplemental
Table S2. ULK was planned for all samples. However, ULK has a
low yield and with the improvements of the de novo alignment
software used for local assembly, the successful assembly of the
22q11 region with SLK was possible. Therefore, SLK was performed
for recently sequenced samples. Since the LCR22-A/D rearrange-
ments are the most complex to sequence, families where the
Fiber-FISH suggested this rearrangement type, were prioritized
for sequencing.

De novo assembly and sequence alignment

Ultra-long Nanopore reads were aligned to the human reference
genome (hg38) with minimap2 (Li 2018). To facilitate the visuali-
zation of the alignment with the Integrative Genomics Viewer
(IGV) (Robinson et al. 2011), the 22ql1 region was isolated
with SAMtools (Li et al. 2009). De novo assembly was performed
with NOVOLoci, a targeted haplotype-aware assembler (avail-
able at https://github.com/ndierckx/NOVOLoci). To prove that
NOVOLoci can successfully assemble the challenging 22q11 re-
gion, the sequencing data used in the Verkko assembler paper
(Rautiainen et al. 2023) were used. The 22q11 region was assem-
bled using NOVOLoci with ONT data only. The resulting assem-
blies, the Verkko assemblies based on ONT data only and a
combination of ONT and PacBio data and the Flye assemblies
(Kolmogorov et al. 2019) were then mapped to the reference ge-
nome HGO0O02 available from https://github.com/marbl/hg002 us-
ing LAST (Kietbasa et al. 2011). NOVOLoci managed to assemble
the full 22q11 region by using ONT data only, while other assem-
blers failed to assemble the region with ONT data only and Verkko
needed both ONT and PacBio data to fully assemble the region
(Supplemental Fig. S6). NOVOLoci requires a seed sequence to
initiate the assembly and produces separate assemblies for each
haplotype. For the CTLR-Seq libraries, the target sequences served
as seed sequences for the assemblies. For the whole-genome librar-
ies, nonduplicated sequences downstream from the target regions
were selected. The assembly quality was verified by converting the
nucleotide sequence into fiber-FISH probe patterns. Assemblies
were only retained when the two haplotypes of both the patient
and the parent have identical probe patterns between the Fiber-
FISH and ONT assemblies. To identify the rearrangement region,
a multiple alignment between shared subunits among the two pa-
rental alleles was conducted using MAFFT (Katoh et al. 2019). A
custom script was used to identify unique SNPs between these
shared subunits, facilitating the identification of the transition be-
tween the two LCR22s.

Deletion (and inversion) breakpoint identification in B2-B2
LCR22-A/B patterns

In patients and parents of families ABOO1, AB002, and AB004, read
(partly) covering the wild type and the rearranged LCR22s were
manually selected based on LCR22 flanking sequence. In the
parents-of-origin, two haplotypes for LCR22-A and -B could be dif-
ferentiated, based on SNPs in the flanking sequence. The compo-
sition of the reads was determined using BLAT (Kent 2002), and
the repeat composition between the two B2 probes in the rear-
ranged allele was determined using RepeatMasker (Smit et al.
2013).

Long-range PCR over the LCR22-A /B recombination site and
PacBio sequencing

Long-range PCR was performed using the TaKaRa LA PCR kit
(TaKaRa Bio). PCR conditions were optimized for the extension-
annealing phase, taking into account the presence of AT-repeats
(Inagaki et al. 2005): aspecific bands are present when the temper-
ature is below 60°C and there is no reaction above 63°C. A single
primer (5’-ATACTACTGTGGCTTTGTTCCAAAG) was used as
both forward and reverse primer. PCR was performed by an initial
denaturation of 2 min at 94°C, 30 cycli of 30 sec at 94°C followed
by 7 min at 63°C, and the final elongation was at 60°C for 10 min.
Fragments were analyzed on agarose gel.

A PacBio library was generated from the amplicons according
to the Template Preparation and Sequencing protocol (Template
Prep kit 3.0, Pacific Biosciences). Four libraries (22q11.2 patient
ABO004, his two children with a 22q11.2 deletion and the mother
of the children) were pooled and loaded onto a single SMRT cell
on a PacBio RSII using a DNA/polymerase binding kit P6 v2
(Pacific Biosciences) loading concentration 25 pM and DNA
Sequencing Reagent kit 4.0 v2 (Pacific Biosciences). The RS_
Long_Amplicon_Analysis.1 pipeline was used for analysis.

Low-pass sequencing

The mosaic LCR22-A/B (AB002) deletion was detected in the con-
text of noninvasive prenatal testing of the pregnant patient
JV2001. Procedures for noninvasive prenatal testing were followed
as described (Bayindir et al. 2015).

Array comparative genomic hybridization

ArrayCGH was performed using the 60 k CyoSure Constitutional
v3 array (Oxford Gene Technology). Data analysis and visualiza-
tion of the results were done using CytoSure Interpret Software
(v4.10.44) with embedded Circular Binary Segmentation algo-
rithm for automated copy number calling. The analysis was per-
formed using GRCh37 (hg19) genome build.

SNP array

Genotyping was performed using Illumina HumanCytoSNP-12
BeadChip according to the Illumina Infinium HD Ultra protocol.
Genotype, logR ratio, and B-allele frequency (BAF) were extracted
from the raw intensity data using the GenomeStudio software
(v2.0.5) with the embedded genotype calling algorithm.

Interphase-FISH

Dual-color interphase-FISH was performed using Vysis DiGeorge
LSI TUPLE1 (HIRA) Spectrum Orange/LSI ARSA Spectrum Green
probe set (Abbott). One hundred nuclei from blood, urine, and
buccal mucosa were scored, by assessing the presence or absence
of the spectrum orange fluorescent probe targeting the 22q11.2
HIRA region.

Targeted interphase-FISH

BAC DNA was extracted from BAC clones (BacPac Resources,
CHORI, Oakland) wusing the Nucleobond Xtra BAC kit
(Macherey-Nagel) and subsequently labeled (Nick translation pro-
tocol, Abbott Molecular Inc.) (Table 3). To score the inversion and
deletion frequency, EBV transformed cells of ABOO2 patient, a nor-
mal control, and a nonmosaic heterozygous LCR22-A/B deletion
patient were fixed in glass slides. For family BDOO1, slides were pre-
pared using EBV transformed cells from the patient and both par-
ents. To classify a chromosome as normal, inverted or containing a

794 Genome Research
www.genome.org


http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279331.124/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279331.124/-/DC1
https://github.com/ndierckx/NOVOLoci
https://github.com/ndierckx/NOVOLoci
https://github.com/ndierckx/NOVOLoci
https://github.com/ndierckx/NOVOLoci
https://github.com/marbl/hg002
https://github.com/marbl/hg002
https://github.com/marbl/hg002
https://github.com/marbl/hg002
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279331.124/-/DC1
http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 20, 2026 . Published by Cold Spring Harbor Laboratory Press

Mapping the recombination breakpoints within Chr 22

Table 3. Extracted BAC clones with LCR22-related location and labeling

BAC clone Location Labeling AB002 BD0O1
CH17-320A22 Proximal LCR22-A Aqua 431dUTP X X
CH17-222C16 Distal LCR22-A Spectrum green X X
CH17-389E17 Proximal LCR22-B Spectrum orange X X
RP11-354K13 Distal LCR22-D Spectrum green + spectrum orange X

The last two columns indicate whether the probe was used to score inversion status in the corresponding families.

deletion, combinations of blue (CH17-320A22), orange (RP11-
354K13), green (CH17-222C16), and/or red (CH17-389E17) BAC
probes were used (Supplemental Table S3).

Ethnicity determination

Data from 1000genomes phase3 were downloaded, converted to
PLINK format and pruned to remove variants in linkage disequili-
brium using PLINK (v1.9). The VCF files of the 22q11 samples have
been generated by mapping the reads to reference genome (T2T)
with minimap2 (v2.25) and variant calling with the PEPPER-
Margin-DeepVariant pipeline (v0.8). The VCF files have then
been lifted over to hg38 using Picard (v2.18.23), normalized and
converted to BCF using BCFtools (v1.9) (Li et al. 2009), converted
to PLINK format, merged, and pruned to remove variants in link-
age disequilibrium using PLINK (v1.9). Variants successfully geno-
typed in at least 90% of the 22q11 samples and available in
1000genomes phase3 dataset have been selected to perform a prin-
cipal component analysis using PLINK (v1.9). A total of 646 vari-
ants could be used for the analysis.

Relatedness calculation

The VCF files of the 22q11 samples (obtained as described above)
have been filtered to keep only phased variants on autosomes prior
to merging with PLINK (v1.9). Only variants successfully geno-
typed in 80% of the samples were retained for relatedness calcula-
tion with VCFtools (v0.1.16). All pairs of samples were classified as
either parent-child or unrelated depending on the a priori related-
ness knowledge. All duos consisting of patients only or parents
only were considered as unrelated. Duos consisting of parents
and patients from different families were also considered as
unrelated.

Analysis of repetitive element composition in PATRR sites

Assemblies were downloaded from the UCSC Genome Browser
(hg38), T2T Consortium (Nurk et al. 2022) (T2T-CHM13v2.0 and
HGO002 (v0.6)), and the Human Pangenome Reference Consor-
tium (Liao et al. 2023) (HG00S, HG00733, and HG01109). Contigs
spanning the 22q11.2 region were selected by mapping to hg38 or
T2T using minimap2 (Li 2018). RepeatMasker (Smit et al. 2013)
(version 4.1.6) with HMMER (version 3. 2. 1.) search engine was
run to chart the repeat composition. To determine the copy num-
ber, the PATRR located between probes D3 and B2 was extracted
from the RepeatMasker outputs.

Data access

The long-read sequencing data generated in this study have been
submitted to the European Genome-Phenome Archive (EGA;
https://ega-archive.org/) under accession number EGADS0000
000855. The script used to get the local assembly is available at

GitHub (https://github.com/JorisVermeeschLab/NOVOLoci) and
as Supplemental Code.

The seeds used to get the local assemblies using the long-read
data and NOVOLoci as well as the resulting assemblies and the
scripts used to verify the probe content and get the SNPs from
the MAFFT alignment are all available at GitHub (https://github
.com/JorisVermeeschLab/22q11_breakpoint/tree/main) and as
Supplemental Data and Code.

All Fiber-FISH data are available as Supplemental Material,
and the cell lines used to map repeats are available upon request.
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