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The 22q11 low copy repeats are characterized by
unprecedented size and structural variability
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Steven Pastor,5 Matthew S. Hestand,1,6,7 Ann Swillen,1 Elfi Vergaelen,1 Elizabeth
A. Geiger,4 Curtis R. Coughlin,4 Stephen K. Chow,2 Donna McDonald-McGinn,5

Bernice Morrow,8 Pui-Yan Kwok,2 Ming Xiao,9 Beverly S. Emanuel,5 Tamim H. Shaikh,4

and Joris R. Vermeesch1
1Departement of Human Genetics, KU Leuven, Leuven, 3000 Belgium; 2Cardiovascular Research Institute, UCSF School of Medicine,
San Francisco, California 94158, USA; 3Department of Integrative Biology, University of Colorado Denver, Denver, Colorado 80204,
USA; 4Department of Pediatrics, Section of Clinical Genetics and Metabolism, University of Colorado Denver, Aurora, Colorado
80045, USA; 5Division of Human Genetics, Children’s Hospital of Philadelphia and Department of Pediatrics, Perelman School of
Medicine, University of Pennsylvania, Philadelphia, Pennsylvania 19104, USA; 6Division of Human Genetics, Cincinnati Children’s
Hospital Medical Center, Cincinnati, Ohio 45229, USA; 7Department of Pediatrics, University of Cincinnati, Cincinnati, Ohio 45221,
USA; 8Department of Genetics, Albert Einstein College of Medicine, Bronx, New York 10461, USA; 9School of Biomedical Engineering,
Drexel University, Philadelphia, Pennsylvania 19104, USA

Low copy repeats (LCRs) are recognized as a significant source of genomic instability, driving genome variability and evo-

lution. The Chromosome 22 LCRs (LCR22s) mediate nonallelic homologous recombination (NAHR) leading to the 22q11

deletion syndrome (22q11DS). However, LCR22s are among the most complex regions in the genome, and their structure

remains unresolved. The difficulty in generating accurate maps of LCR22s has also hindered localization of the deletion

end points in 22q11DS patients. Using fiber FISH and Bionano optical mapping, we assembled LCR22 alleles in 187 cell lines.

Our analysis uncovered an unprecedented level of variation in LCR22s, including LCR22A alleles ranging in size from 250

to 2000 kb. Further, the incidence of various LCR22 alleles varied within different populations. Additionally, the analysis of

LCR22s in 22q11DS patients and their parents enabled further refinement of the rearrangement site within LCR22A and -D,

which flank the 22q11 deletion. TheNAHR site was localized to a 160-kb paralog shared between the LCR22A and -D in seven

22q11DS patients. Thus, we present the most comprehensive map of LCR22 variation to date. This will greatly facilitate the

investigation of the role of LCR variation as a driver of 22q11 rearrangements and the phenotypic variability among 22q11DS

patients.

[Supplemental material is available for this article.]

Low copy repeats (LCRs), also referred to as segmental duplica-
tions, are a driving force in genome evolution, adaptation, and
instability. In the diploid human genome, >5% of the reference as-
sembly consists of LCRs (Bailey et al. 2001, 2002; International
Human Genome Sequencing Consortium 2004). Duplications
have long been recognized as a potential source for the rapid evo-
lution of new genes with novel functions (Bailey et al. 2001; Jiang
et al. 2007; Dennis et al. 2017). Recent studies have suggested po-
tential functional roles for genes within LCRs in synaptogenesis,
neuronalmigration, and neocortical expansionwithin the human
lineage (Charrier et al. 2012; Dennis et al. 2012, 2017; Boyd et al.
2015; Florio et al. 2015). However, these regions are highly en-
riched for gaps and assembly errors even within the most recent
versions of the human reference genome (Bovee et al. 2008;
Genovese et al. 2013; Chaisson et al. 2015). This is because LCRs
are both highly sequence identical and copy number polymor-

phic. These features strongly hamper the study of the precise role
of LCRs as drivers of human disease or evolution.

High sequence homology between LCR copies is a driver of re-
current genomic rearrangements. Misalignment of homologous
chromosomes or sister chromatids can lead to nonallelic homolo-
gous recombination (NAHR) (Inoue and Lupski 2002). NAHR be-
tween LCRs results in reciprocal deletions, duplications, or
inversions, often referred to as genomic disorders (Inoue and
Lupski 2002). The 22q11 deletion syndrome (22q11DS) is the
most common genomic disorder, with a prevalence of 1 in 3000–
6000 live births (McDonald-McGinn et al. 2015). The syndrome
has a heterogeneous presentation, often including congenital
heart disease, immunodeficiency, palatal anomalies, hypocalce-
mia, multiple additional congenital anomalies, and psychiatric ill-
ness, including 25%with schizophrenia (McDonald-McGinn et al.
2015). Chromosome 22q11.21 contains four LCR22s, often
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termed, consecutively, LCR22A–D. NAHR occurs most often be-
tween LCR22A and LCR22D (89%) or between LCR22A and
LCR22B (6%), generating a deletion of, respectively, ∼3 and ∼1.5
Mb (Edelmann et al. 1999). Furthermore, different recurrent trans-
locations betweenChromosome22 andChromosomes 8, 11, or 17
havebeendescribed. Thebreakpoints of these translocations are lo-
cated within palindromic AT-rich repeats (PATRRs), with the one
on Chromosome 22 localizing to LCR22B (Leach 1994; Lewis
et al. 1999; Cunningham et al. 2003; Gotter et al. 2007; Kato
et al. 2012).

All LCR22s are composed of different repeat subunits which
are present in variable composition, copy number, and orientation
(Shaikh et al. 2007). LCR22A and LCR22D are the largest and, in
the current genome build, estimated to span 1 Mb and 400 kb, re-
spectively. The size and structure of the LCR22s continues to be
variable and inconsistent between various genome assemblies,
with the current reference genome still containing sequence
gaps within LCR22A. Copy number variations (CNVs) exist within
the LCR22s (Guo et al. 2011). In addition, a CNV encompassing
PRODH,DGCR6, andDGCR5 (referred to as LCR22A+)was recently
mappedwithin LCR22A (Guo et al. 2018). Nonetheless, the overall
architecture of several LCR22s remains unresolved. Because the
22q11DS breakpoints are embedded within these unresolved
LCR22s, their exact locations have, despite extensive efforts
(Guo et al. 2016), remained elusive. We set out to map these re-
peats to elucidate the LCR22 structures and their variability and
to further refine the 22q11DS rearrangement breakpoint regions.

Results

Subunit-resolution LCR assemblies using fiber FISH

To resolve the LCR22 subunit organization, we first redefined re-
peat subunits that are present in the LCR22s of human reference
genome build 38 (hg38) (Fig. 1A). We aligned the LCR22 sequenc-
es to each other, revealing all segments with a sequence similarity
>99%. Based on this LCR decomposition, we identified distinct
repeat subunits that have a copy number of at least two on
Chromosome 22q11.21 (Fig. 1). This resulted in the identification
of 20 subunit families, each of which includes a repeat subunit and
all of its paralogs on 22q11 (Supplemental Table S1).

We next used fiber FISH to further resolve the structure of
LCR22s and to obtain a more accurate map of these regions than
what is available in the reference genome.We designed fluorescent
probes for 14 repeat subunits to visualize their order and the dis-
tance between them. (Fig. 1; Supplemental Table S2). We used
long-range PCR to generate the probes, which were labeled with
different colors to obtain distinct signals from adjacent subunits
(Fig. 1D, UCSC track). We used BACs flanking each of the LCR22
repeat clusters as probes to anchor them within unique sequence
(Supplemental Fig. S1).

We first assayed the LCR22-specific fiber FISH probe pattern
on DNA fibers generated from haploid cell line CHM1 and
HapMap cell line GM12878. These genomes have been well char-
acterized and were included in the Platinum Genome Project
(Eberle et al. 2017). The haploid state of CHM1 significantly re-
duced mapping complexity of the repeat clusters. We hybridized
our customprobe set on fibers of CHM1 andGM12878 and detect-
edmore than 100 informative fibers, each >200 kb in size.We then
tiled the clustered fibers, enabling the de novo assembly of the sub-
unit order over more than 1 Mb.

We compared the assembled subunit patterns to the in silico
determined subunit positions in hg38. Probe patterns of LCR22B
and LCR22C were in agreement with those in hg38 for both cell
lines (Fig. 1E,F). In contrast, the observed LCR22A and LCR22D
patterns diverged from hg38 to different extents (Fig. 1G,H;
Supplemental Figs. S2–S4). LCR22D structure was identical in
CHM1andGM12878. This structuremostlymatched hg38, except
for the position of a single probe, D5, as shown (Supplemental Fig.
S2B). The de novo assembled LCR22A allele in CHM1 was larger
than the one predicted by hg38 (Supplemental Fig. S3). Similarly,
GM12878 also had two distinct LCR22A alleles, both of which
were different from the hg38 predicted allele (Supplemental Fig.
S4). Based on the distance between probe signals, LCR22A alleles
in GM12878were estimated to be∼1.20 and∼0.65Mb, respective-
ly. The CHM1 allele was also estimated to be ∼1.20 Mb, however,
it differed in its composition from the GM12878 allele of the
same size.

Because the first three observed LCR22A assemblies differed
substantially from the reference and from one another, we won-
dered whether those alleles were exceptional. We assembled fiber
patterns in 31 additional cell lines (Supplemental Fig. S5). As ob-
served previously, the LCR22B and LCR22C patterns were identi-
cal and in agreement with hg38 in all individuals tested.
However, we assembled 41 additional LCR22A alleles that showed
a surprising level of variation (Fig. 2A). Based on fiber FISH assem-
bly of a total of 44 LCR22A alleles in 33 samples (Supplemental Fig.
S5), we observed 25 distinct haplotypes varying in length from
∼300 kb to >2 Mb (Fig. 2; Supplemental Fig. S6). No individual
in this subset was homozygous for the structure of LCR22A. In
contrast, LCR22D displayed less variability. We observed three
haplotypes for LCR22D (Fig. 2B; Supplemental Fig. S2), with allelic
variation including different positions of probe D5 (Supplemental
Fig. S2B) and a duplication of probes A1-A2-D2-A3-B2-D3
(Supplemental Fig. S2C).

LCR22A fiber patterns identify core duplicons

Despite the observed scale of variation within LCR22A, we ob-
served a nonrandom pattern of probe clusters within the mapped
haplotypes. We predicted that these probe clusters represent seg-
mental duplications or duplicons within the LCR22s, and the ob-
served differences in LCR22 architecture is driven by the copy
number variation of a small set of such duplicons. We visually de-
duced a minimal set of different probe clusters, which were desig-
nated as SD22s and are henceforth referred to as duplicons (Fig. 1).

We identified six probe clusters to define six LCR22 dupli-
cons, designated SD22-1 to SD22-6 (Fig. 1C). All 44 fiber FISH
mapped alleles of LCR22Apresented a conserved proximal and dis-
tal end, represented by SD22-1 and SD22-5, respectively (Fig. 2A).
In contrast to the proximal and distal anchors, SD22-2, -3, -4, and
-6 were copy number variable among alleles, with SD22-3 being
absent in some (Fig. 2A). A majority of the duplicons maintain
their structural integrity when comparing various LCR22A alleles.
We rarely observed partial copies of any given duplicon, except
in three LCR22A haplotypes, which had partial copies of SD22-4
and -2.

This analysis revealed that every LCR22A allele mapped by
fiber FISH was composed of SD22-1 to SD22-6 in different orders,
copy numbers, and orientations. We never observed a tandem ar-
ray of any single duplicon as any two subsequent copies of SD22-2,
-3, -4, or -5 were always flanked by a paralog of SD22-6. Moreover,
the orientation of SD22-6 relative to its surrounding duplicons was
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conserved. Although, most alleles have a single copy of SD22-1
and -5 at the centromeric and telomeric end of assembled
LCR22A haplotypes, respectively, we did occasionally observe
copy number variants of SD22-5 (Fig. 2). In a previous study on a
cohort of 15,579 normal individuals, Guo et al. (2018) identified
a deletion (0.3%) and reciprocal duplication (1.3%) embedded in
LCR22A. Of the 33 cell lines we analyzed by fiber FISH, one was
from an individual carrying the duplication embedded within
LCR22A (Supplemental Fig. S7A, Family 5; Guo et al. 2018).
Probe patterns of this individual’s LCR22A confirmed a SD22-5
duplication within LCR22A.

Sequence and gene content of LCR22A duplicons

To determine the sequence content of each of the duplicons
within LCR22A, we compared the observed probe patterns of the
duplicons to the expected positions in the reference genome
(Fig. 1B–D). In silico fiber FISH probe patterns of reference contigs
KI270701.1, KI270702.1, and the proximal 150 kb of reference
contig GL000155.2 individually matched duplicons SD22-2, -3,
and -4, respectively (Fig. 1C,D). SD22-2 did not contain any genes,
whereas SD22-3 contained TMEM191B, RIMBP3, and PI4KAP1,
and SD22-4 contained GGT3PA. Further, SD22-1 contained

E

F

B

A

C

D

G

H

Figure 1. In silico hg38 fiber FISH probe positions compared to duplicon composition of LCR22A. Terminology used to describe individual elements is
depicted on the right. (A) Schematic overview of the LCR22s in Chromosome 22q11.21. (B) RefSeq-curated gene set overlapping with the LCR22s.
(C) Duplicon decomposition of the hg38 structure of LCR22A. Duplicons were deduced frommapped haplotypes. Filled, colored arrows represent copies
of duplicons and hatched arrows represent partial copies of duplicons of the same color. (D) UCSC Genome Browser hg38 reference assembly tracks of
Segmental Dups2,24, GRC contigs, gap positions, and fiber FISH probe BLAT positions (white panel). Positions of the latter are aligned with recordings
of fiber FISH patterns in LCR22A (black bar). Decomposition of one LCR22A haplotype to duplicons is illustrated using colored (nonwhite) arrows. For
the showcased allele, duplicon order centromeric to telomeric is SD22-1, -2, -4, -2, -3, -4, and -5, and the arrow direction represents inverted or direct
orientation. Larger duplicons are flanked by copies of SD22-6 (white arrows). Probe identifiers are indicated below the fiber pattern. (E) RefSeq annotated
genes overlapping with LCR22B and -C. (F) LCR22B and -C, fiber FISH patterns have the same order and distances as those predicted in hg38 and contain
partial duplication of LCR22A duplicons (hatched arrows). (G) RefSeq annotated genes overlapping with LCR22D. (H) All LCR22Dmolecules present at the
same centromeric start, overlapping with predicted hg38 probe positions. The first duplicon displays a partial SD22-4 and SD22-2 (hatched blue arrow),
followed by a complete SD22-4 flanked by SD22-6 copies (white arrow). The distal end of LCR22D consists of partial duplications of SD22-3 (hatched ma-
genta arrow). Nested, solid magenta arrow represents probe D5 position variant.
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USP18 and SD22-5 contained PRODH, DGCR5, andDGCR6. SD22-
6 corresponded to a ∼31 kb repeat in hg38, which was present five
times in the reference LCR22A with sequence similarities of 97%
and higher (Fig. 1C,D, BLAT track and white arrows). The SD22-6
hg38 sequence contains paralogs of a lincRNAwith sequence sim-
ilarity to FAM230C. Each of these paralogs contains copies of the
translocation breakpoint type A (TBTA, AB261997.1), which con-
sists of an unstable palindromic AT-rich repeat (PATRR). Thus,
the different alleles of LCR22A contained a different copy number
of the genes and other sequences based on the respective copy
number of the duplicons (Supplemental Fig. S8).

Bionano optical mapping confirms fiber FISH assemblies

To evaluate the fiber FISH assemblies with an orthogonal technol-
ogy, we performed Bionano assays on a total of eight cell lines: the
haploid cell line CHM1, GM12878, and two trios, containing
22q11DS patients and their parents. Because a certain degree of
paralogous variation between segmental duplications is missed
by fiber FISH, we expected some mismatch when comparing indi-
vidual label sites (Bailey et al. 2002). However, other than this ex-
pected paralogous variation, de novo assembled LCR22 duplicon
order and orientation should be consistent between both data
sets. We compared the fiber FISH and Bionano results by first con-
verting the fiber FISH duplicon order and orientation information
into sequences, stitching together the duplicon sequences from
the reference genome. We then in silico labeled these sequences
to convert them to Bionano optical map format (Supplemental
Fig. S9B,E,H,K,N,Q,T,W,BB,EE,HH,KK, green bar) and then com-
pared them to the observed Bionano assemblies in the same indi-
vidual (Supplemental Fig. S9B,E,H,K,N,Q,T,W,BB,EE,HH,KK, blue
bar). ForCHM1,GM12878, and the two 22q11DS families, we gen-

erated Bionano data using the Direct
Label and Stain (DLS) enzyme. After ex-
amination of singlemolecules from these
samples at both LCR22A and LCR22D,
we generated a list of partial haplotypes
with strong single molecule support for
each sample (Supplemental Fig. S9). We
observed that the cluster of SD22-4 and
its flanking SD22-6 duplicons contained
five DLS labels that were polymorphic
between paralogs (Supplemental Fig.
S10). These polymorphisms allowed us
to stitch the partial haplotypes into
end-to-end haplotypes of LCR22A and
LCR22D.

We aligned the observed optical
maps from CHM1, GM12878, and all
LCR22A alleles in the two families to
those converted from the fiber FISH re-
sults (Supplemental Figs. S3, S4, S9). All
alignments showed strong agreement be-
tween in silico and observed optical
maps after accounting for the expected
paralogous variation. The copy number,
order, and orientation of detected dupli-
cons were identical between the two
techniques. Overall, the Bionano optical
maps confirmed the fiber FISH assem-
blies with minimal discrepancies.

Bionano optical mapping reveals population-specific

LCR22 variation

To determine the prevalence of different variants in LCR22A and
LCR22D, both within and between populations, we mapped the
variability, by Bionano optical mapping using the Nt.BspQI en-
zyme, in a cohort of 154 phenotypically normal individuals
from 26 populations spanning five superpopulations: African
(AFR), American (AMR), East Asian (EAS), European (EUR), and
South Asian (SAS) (Levy-Sakin et al. 2019).

Structural variation at LCR22A

We generated distinct LCR22A configurations by collapsing opti-
calmap assembled contigs that overlapped LCR22A andhad single
molecule support (Fig. 3A–D). Not all assembled contigs were able
to span the entire LCR22A region from end to end, due to factors
such as insufficient molecular coverage, short molecule lengths,
and/or longer LCR22A haplotype lengths. Additionally, the pres-
ence of two Nt.BspQI nicking sites, on opposite strands, in close
proximity to one another near the beginning of SD22-3 created a
fragile site on the DNA that consistently interrupted molecules
in that location (Supplemental Fig. S11A). Although this catalog
of LCR22A haplotypes is likely not comprehensive, it captures a
substantial amount of large-scale structural variation at this locus.

We identified a total of 16 nonredundant partial and com-
plete LCR22A configurations in the set of 154 individuals (Fig.
3). As seen in the fiber FISH results, the majority of the variation
involved variable copy number and orientation of SD22-4 (Fig.
3A–D). One notable configuration, not observed in the fiber
FISH data set, harbored a deletion of almost the entire locus,
with a minimal composition of SD22-1 to inverted SD22-6 to
SD22-5 (Fig. 3, configuration D).
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Figure 2. Fiber FISH-mapped haplotypes of LCR22A and LCR22D observed in a cohort of 33 cell lines.
(A) Twenty-six haplotypes observed for LCR22A. Haplotypes are aligned at the distal unique anchor of
LCR22A. (B) Proximal and distal haplotypes observed for LCR22D. Filled, colored arrows represent copies
of duplicons, and hatched arrows represent partial copies of duplicons of the same color. Size estimates
of individual SD22s are shown (upper left). Frequencies of haplotypes are depicted on the right (i.e., x9,
x1, etc.).
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We next evaluated the prevalence of each configuration
within the data set (for details, see Methods) and observed clear
differences in prevalence between different configurations (Fig.
3). For minimal configurations anchored upstream of LCR22A
(Fig. 3A), the most common duplicon to follow the initial cluster
of SD22-1, SD22-2, and flanking SD22-6 copies was an inverted
copy of SD22-4 (Fig. 3A, configuration B), which accounted for
111/196 (57%) and 25/44 (57%) of the observed configurations
in this group, in optical map and fiber FISH data sets, respectively.
The nextmost common configuration was a copy of SD22-4 in the
direct orientation (Fig. 3A, configuration A), which accounted for
66/196 (34%) of the observed configurations in the optical map
data and 14/44 (32%) in the fiber FISH data. Configuration A is
also the structure corresponding to the beginning of both the
hg19 and hg38 reference haplotypes. These results indicated that
neither of the two most recent reference genomes represented
the major allele at this locus.

Among the minimal configurations anchored downstream
from LCR22A (Fig. 3C), a direct copy of SD22-4 preceded SD22-5
in 103/150 (69%) observed configurations (Fig. 3C, configuration
F), which is consistent with the reference genomes. The next most
common configuration (Fig. 3C, configuration G) accounted for
39/150 (26%) of observed configurations, had SD22-5 preceded
by an inverted SD22-4. In the fiber FISH data set, 39/44 (89%) of
chromosomes displayed configuration F, but only 5/44 (11%)
showed SD22-5 preceded by an inverted SD22-4. The fiber FISH
samples were taken exclusively from individuals of European
descent, and the distal portion of LCR22A differed significantly
among various ethnicities (Fig. 3F). Among European samples in
the Bionano data set, configuration F accounted for 26/33 (79%)
of observed configurations, whereas configuration G accounted
for the remaining 7/33 (21%), values whichweremore concordant
with the fiber FISH results in individuals of European descent. For
both groups of minimal configurations, anchored upstream of or

E
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H

Figure 3. LCR22A and LCR22D configurations across a diverse control data set observed using Bionano optical mapping. Diagrams depict order and
orientation of observed duplicons as defined in Figure 1. Minimal (A) and extended (B) configurations anchored in unique sequences upstream of
LCR22A. Minimal (C) and extended (D) configurations anchored in unique sequence downstream from LCR22A. (E) Observed occurrences for up-
stream-anchored LCR22A configurations A and B in different populations. (F ) Observed occurrences of downstream-anchored LCR22A configurations
F and G in different populations. (G) Configurations anchored in unique sequence upstream of LCR22D. (H) Configurations anchored in unique sequence
downstream from LCR22D. (I) Observed occurrences of downstream-anchored LCR22D configurations D–G and D–H in different populations. For each
configuration in A–D and G–H, the ID is on the left, and the number of times that configuration was observed in the data set is on the right. Duplicons
for which an orientation could not be determined are represented as squares. (AFR) African; (AMR) American; (EAS) East Asian; (EUR) European; (SAS)
South Asian; (∗) P<0.05; (∗∗) P<0.01; (∗∗∗) P<0.001, Fisher’s exact test, adjusted. Pairs of populations without asterisks in E, F, and Iwere not significantly
different at P<0.05.
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downstream from LCR22A, the shortest end-to-end haplotype
containing SD22-1 to inverted SD22-6 to SD22-5 (configuration D)
comprised a small minority of cases, accounting for ∼3% of the
observed configurations.

The extended configuration (Fig. 3B,D) was observed in fewer
samples because not all single molecules that matched the mini-
mal configurations were long enough to extend into an additional
duplicon. Nevertheless, this smaller data set illustrated several dis-
tinctive patterns. The three most common upstream configura-
tions observed, each representing ∼20%–24% of the extended
upstream alleles, followed the anchoring SD22-1 and SD22-2
with (1) direct SD22-4 and SD22-5, that is, the hg19 haplotype
(Fig. 3B, configuration A1); (2) tandem copies of indirect SD22-4
(configuration B1); and (3) an indirect and then a direct copy of
SD22-4 (configuration B2). The remaining 34% of cases comprised
seven configurations, each accounting for 3%–6% of observed
configurations.

Among the downstream extended configurations (Fig. 3D),
the hg19 haplotype (configuration A1) and configuration F1,
which matched the distal end of the hg38 haplotype, that is,
SD22-3, SD22-4, and SD22-5, were the two predominant configu-
rations observed—each representing 28%–30% of the observed
configurations. Although the latter configuration was also com-
mon in the fiber FISH data (20% of alleles) (Fig. 2A), the nine
end-to-end haplotypes containing configuration F1 showed only
onematch to the exact hg38 structure, instead representing a total
of six haplotypes of varying lengths and copy number of SD22-4,
suggesting that this configuration class in the optical map data is
likely to also represent a wide range of end-to-end haplotypes.

We next wanted to determine whether the observed configu-
rations differed by population. Configurations A, B, F, and G (Fig.
3A,C) were the only observed configurations that provided an ad-
equate sample size for this population-based analysis.Weobserved
substantial differences between the superpopulations for configu-
rations F andG (P<0.05, Fisher’s exact test), with the largest differ-
ence occurring between the African and EAS populations (Fig. 3F).
Thus, at the distal end of LCR22A, SD22-4 in the direct orientation
(configuration F) was more common overall, but it accounted for
only 16/41 (39%) of the observed configurations in Africans, com-
pared to 24/27 (89%) of the configurations observed in EASs (Fig.
3F). At the proximal end of LCR22A, SD22-4 in an inverted orien-
tation (configuration B) was observed more frequently than SD22-
4 in the direct orientation (configuration A) in every population
(Fig. 3E).

Structural variation at LCR22D

LCR22D was substantially less polymorphic and complex than
LCR22A, but it nonetheless harbored some large-scale structural
variation (Supplemental Fig. S2). Following the same procedure
as above, we compiled configurations for LCR22D from the optical
map data from 154 individuals. We observed six upstream-
anchored configurations (D-A to -F), five of which involved the
paralog of SD22-4 that is present in the proximal half of LCR22D
(Fig. 3G). In the downstream-anchored half of LCR22D, we only
observed a 64-kb inversion (Fig. 3H). Because these two regions
were distant from one another, we analyzed them separately to
minimize the length of the molecules required to identify each
configuration. Among the upstream-anchored configurations,
the most predominant was configuration D-A, which represents
the configuration observed in the reference genome, accounting
for 94/113 (83%) of all observed configurations (compared to

95% [42/44] in the fiber FISH data) (Fig. 2B). The next most com-
mon configurations were a full inversion or partial duplication of
SD22-4 (configurations D-C and D-D), accounting for 7/113
(6%) and 8/113 (7%) of the observed configurations, respectively
(Fig. 3G). In the fiber FISH data, we observed a partial duplication
(D-D) in 2/44 (4.5%) alleles, although we did not see any inver-
sions of SD22-4. We detected no population-based differences
among these upstream-anchored LCR22D configurations.

Within the observed downstream-anchored configurations of
LCR22D, configuration D-H accounted for 140/221 (63%) of the
observed configurations. Thus, we observed configuration D-H,
with an inversion,more frequently than configurationD-G,which
represents the configuration observed in the reference genome.
Configuration D-H accounted for 30/39 (77%) of the observed
configurations in Europeans, which was consistent with the fiber
FISH data from European samples in which 19/25 (76%) individu-
als carried the inverted D-H configuration (Fig. 2B). In the optical
map cohort, we observed the D-H variant more frequently in all
five superpopulations, with no statistically significant differences
between populations (Fig. 3I).

Thus, Bionano optical mapping not only confirmed the fiber
FISH assemblies, but also extended these findings demonstrating
large-scale structural variation in LCR22A and LCR22D in a cohort
of 154 individuals from five superpopulations.

The 22q11DS rearrangement breakpoints are localized within

SD22-4 and flanking SD22-6

The mapping of 22q11DS rearrangement breakpoints within the
LCR22s has so far remained elusive. To refine the rearrangement
breakpoints and to identify potential variability of the rearrange-
ments, we generated assemblies using either a combination of fiber
FISH and optical mapping or fiber FISH only in eight 22q11DS pa-
tients and their parents (Supplemental Fig. S7). To reduce com-
plexity and assure correct assembly of the rearranged LCR22s, we
generated fiber FISH maps for the probands in Families 1 and 2
from lymphocyte-derived somatic cell hybrids containing only
the del(22)(q11.21). For both of these probands, patterns of the re-
arranged LCR22s were reflected identically in the somatic hybrids
and EBV cell lines (Supplemental Fig. S12). In all families, we con-
firmed the parent of origin of the deletion by STR marker analysis
(STR_DATA_FAMILIES.zip in Supplemental Material).

Seven of the probands tested had the typical LCR22A-D dele-
tion, and one proband carried the smaller LCR22A-B deletion (Fig.
4; Supplemental Fig. S7). In Family 1, the individual with the
22q11DS presented with five LCR22 patterns. Four were indicative
of complete alleles of LCR22A, -B, -C, and -D.Moreover, thesewere
all identical to one of themother’s LCR22 structures, and thus rep-
resented the non-rearranged allele (Fig. 4B,D; Supplemental Fig.
S7B,D). The fifth LCR22pattern initially presentedwith a duplicon
order and orientation identical to one of the father’s LCR22A al-
leles (Fig. 4A). Distally from the third copy of SD22-4, the allele
transitioned to a pattern identical to one of the LCR22D alleles
in the same parent (Fig. 4C). The probe pattern suggested that
LCR22A and LCR22D had been merged into one LCR, with a
breakpoint either in SD22-4 or in one of its flanking SD22-6
paralogs.

Within the probands, seven out of eight of the rearranged al-
leles overlapped with the parental alleles at the longest shared re-
gion between LCR22A and LCR22D (Figs. 1, 4; Supplemental Fig.
S7), suggesting this as the likely location for the rearrangement
breakpoints. This region comprises SD22-4 and two flanking
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SD22-6 duplicons, together forming a 160-kb stretch of homolo-
gous sequence. These constitute a large direct repeat in LCR22A
and LCR22D, which has been previously proposed to contain rear-
rangement breakpoints (Guo et al. 2016). In all individuals, one
copy of SD22-4 was present in LCR22D in a direct orientation
(Supplemental Fig. S7), whereas it is found in variable copy num-
bers and orientations in LCR22A. In all seven rearranged alleles,
SD22-5 was deleted, thereby generating hemizygosity for PRODH,
DGCR5, and DGCR6.

We also mapped the LCR22A-B rearrangement in one family
(Family 7) (Supplemental Fig. S7). One of the father’s LCR22A al-
leles was identical to his offspring’s rearranged chromosome, up
to the last distal direct paralog of SD22-6 (white arrow). At this po-
sition, the patient’s rearranged LCR22 transitioned to the last two
probes of LCR22B. This pattern suggested that a NAHR occurred at
SD22-6. Assembly of a second individual with an LCR22A-B dele-
tion supports this breakpoint location distally in the fragment of
duplicon SD22-6 (Supplemental Fig. S13). Thus, we have further
refined the LCR22A-D deletion breakpoints in multiple 22q11DS
patients within a 160-kb duplicon containing SD22-4 and SD22-
6, and LCR22A-B deletion breakpoints within SD22-6, which con-
tains the highly recombinogenic palindromic AT-rich repeats
(PATRRs).

LCR22s in nonhuman primate genomes

To determine the evolutionary origin of the LCR22s, we first
looked at the conservation of the region in the chimpanzee, goril-
la, and orangutan genomes (Supplemental Fig. S14). Considering
that the human genome contains gaps and even differs in
LCR22 structure between hg19 and hg38, it was not surprising
that the conservation between species is low within the LCR22s
(Fig. 5A). In addition, the syntenic regions show incomplete se-
quence contigs with gaps within the LCRs (Supplemental Fig.
S14). As an initial analysis of LCR22s in nonhuman primates using
our methods, we used fiber FISH to analyze LCR22A in the chim-
panzee. We first identified syntenic regions flanking the human
LCR22A in the most recent chimpanzee reference genome

(January 2018; Clint_PTRv2/panTro6). BAC sequences adjacent
to the human LCR22A (CH17-320A22 proximal and CH17-
203M7 distal from LCR22A) and fiber FISH probe sequences with-
in the LCR22s were aligned to this reference genome to delineate
the LCR22A region. In this reference prediction, BAC probe
CH17-222C16 is located proximal and BAC probe CH17-320A22
is located distal fromLCR22A, an inversion comparedwith human
(Fig. 5C). The probes located in the region are A5 (magenta), A4
(green), B1 (yellow), B2 (red), A3 (cyan), and B3 (yellow) (Fig.
5A). We set out to confirm and/or compare this reference genome
with another chimpanzee genome (AG 06939A). Hybridization of
combed chimpanzee DNA with the human LCR22 probes con-
firmed the LCR22A structure predicted by the chimpanzee refer-
ence genome (Fig. 5B). This duplicon composition is identical to
the smallest duplicon pattern observed in humans (configuration
D in Fig. 3A,C). This suggests that the expansion and variability of
LCR22A may be human specific.

Discussion

The LCR22 reference sequences have contained gaps since the
first human genome assembly was released (Cole et al. 2008;
Schneider et al. 2017). Although whole-genome short-read se-
quencing is now routine, alignment of short sequencing reads
to the human reference sequence generally fails to detect and as-
semble large structural variants and repetitive regions like the
LCR22s. Because of the length of the duplications, even assemblies
using longer-range technologies like Pacific Biosciences (PacBio)
and 10x Genomics linked reads have been unable to assemble
these regions (Berlin et al. 2015;Weisenfeld et al. 2017). To resolve
these gaps, we combined fiber FISH and Bionano optical mapping,
and show that an astounding level of inter-individual variability
of LCR22A, and to a lesser extent LCR22D, has likely impeded
the assembly of a complete reference sequence for these LCRs.
These maps revealed at least 25 different alleles of LCR22A and
six variants of LCR22D. LCR22A alleles ranged in size from ∼250
to ∼2000 kb. Most of these alleles could be decomposed into six

BA

C D

Figure 4. Analysis of a 22q11.21 deletion in a proband and parents using fiber FISH. The family shown here is Family 1 in Supplemental Figure S8. Fiber
FISH assemblies are aligned with a duplicon representation as defined in Figure 1. Both alleles of LCR22A and LCR22D are shown for each individual in the
family trio. All individuals had the same configuration at both alleles of LCR22D, which is thus shown only once for each. (A) Parent of origin. The shared
region between LCR22A and LCR22D is marked by a red box. (B) Other parent. Non-rearranged alleles of LCR22A and LCR22D transmitted to the proband
are shown inside the red box. Rearranged (C) and non-rearranged (D) alleles observed in the proband. Red arrow marks duplicon(s) that were involved in
recombination and define the breakpoint region.
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core duplicons (SD22-1 to SD22-6), with duplicons presenting
in different orientations and at variable positions within the
LCR. The most frequent LCR22A haplotype had the following
structure; SD22-1, SD22-6 (inverted orientation), SD22-2 (inverted
orientation), SD22-6 (direct orientation), SD22-4 (direct orienta-
tion), SD22-6 (inverted orientation), SD22-5, which made up
∼25% of all mapped alleles. Its structure is very similar to one of
the first LCR22A sequences proposed (Shaikh et al. 2000), a haplo-
type which was presented in hg19. Thus far, only one smaller hap-
lotype was detected, in which SD22-1 was directly followed by
SD22-6 (indirect orientation) and SD22-5. This might indicate
the requirement of a minimal haplotype to maintain a viable
gene dosage.

None of the 19 normal, diploid parents in the cohort were ho-
mozygous for LCR22A, which suggests the existence of a high
number of different haplotypes in humans. Consequently, any
homologous recombination between two (different or identical)
alleles of LCR22Awill likely generate a novel allele with a duplicon
composition different from the parent of origin (Supplemental Fig.
S15). LCR22s are known to be sites with an increased recombina-
tion rate when compared to their surrounding loci (Frazer et al.
2007; Torres-Juan et al. 2007). Thus, LCR22s are likely to be
“hotspots” for the introduction of novel structural variants in
the population. Furthermore, configurations of LCR22A and
LCR22D varied in frequency among populations. Some of these
configurations might be more vulnerable to NAHR than others.

B

A

C

Figure 5. Conservation of the 22q11 region. (A) UCSC Genome Browser hg38 view of BACs that were evaluated covering the region, with LCR22A flank-
ing BACs highlighted in green (CH17-320A22) and magenta (CH17-222C16). MULTIZ alignments (Blanchette et al. 2004) of chimpanzee (Pan_tro 3.0/
panTro5), gorilla (GSMRT3/gorGor5), and orangutan (WUGSC 2.0.2/ponAbe2) genomes to the human genome identify high conservation in the unique
22q11 region, but lower conservation in the LCR22s. (B) A zoomed in view of LCR22A. (C) Fiber FISH de novo assembly performed on DNA from a chim-
panzee cell line. The observed probe pattern is complementary with the predicted probe composition based on the chimpanzee reference genome. The
LCR22A region is present in an opposite orientation compared to the human reference.
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Consequently, variation in the frequency of the 22q11DS among
populations (Botto et al. 2003; McDonald-McGinn et al. 2005)
may result from frequency differences of LCR22A and LCR22D
configurations and their respective vulnerability to NAHR.
Because our sample size is relatively small, we expect that the al-
leles we observed are likely to be a small subset of all haplotypes
that may exist in the population. Although the reference genomes
of other hominoids including the chimpanzee, gorilla, and orang-
utan contain gaps within LCR22s, a fiber FISH based analysis of
LCR22A showed that the chimpanzee LCR22A corresponds to
the smallest observed human allele. This suggests that the
LCR22A expansion and inter-individual variability is human-spe-
cific. However, to assess LCR22 evolution and variability, a more
detailed analysis of multiple individuals from hominoid and other
primate species is warranted.

Studies on genome-wide LCR diversity have identified nu-
merous LCR clusters, mainly in pericentromeric and subtelomeric
regions (Goidts et al. 2006b). However, none of those come close
to the level of complexity and the number of haplotypes found
in the LCR22s. A few studies using either WGS read depth–based
predictions, digital droplet PCR, or custom BAC arrays have re-
vealed copy number variability between individuals within re-
gions containing LCRs (Sudmant et al. 2010, 2015; Handsaker
et al. 2015; Dennis and Eichler 2016). Eight distinct haplotypes
have been described for the LCR clusters on Chromosome
17q21.31, ranging in size from 1.08 to 1.49 Mb (Steinberg et al.
2012). Similarly, the 1000Genomes Project observed copynumber
variation ranging from 2 to 11 copies of a ∼900-kb region (Chr 15:
20,353,991–27,802,370) in 15q11-q12 (Siva 2008; Sudmant et al.
2010). Such repeat expansions have mainly been found to be
human-specific when compared to their orthologs in great ape ge-
nomes (Goidts et al. 2006a). Moreover, significant variation be-
tween different human populations suggests that these genomic
rearrangements happened recently or are still ongoing (Dennis
and Eichler 2016). However, a majority of these studies are based
on short-read whole-genome sequencing data, which are not as re-
liable for determining true copy number and complex architecture
of regions containing LCRs.

Our approach has also allowed us to further refine the locali-
zation of recurrent rearrangements to specific modules within
LCR22. In seven out of eight families, the rearrangement occurred
within a 160-kb core module, containing SD22-4 and SD22-6,
which is present within both LCR22A and LCR22D in the vast
majority of haplotypes. A previous study had predicted that
NAHR occurred within a duplicon referred to as BCRP2 (Guo
et al. 2016). Our analysis of the same two trios (Family 7 and 8)
(Supplemental Fig. S7) confirmed the presence of paralogous re-
peats of BCRP2 at fiber FISH probe D2 in the LCR22s and further
showed that NAHR regions overlap at one BCRP2 locus embedded
in the SD22-4 duplicon. In two probands with LCR22A-B dele-
tions, the breakpoint region was further narrowed to a 31-kb sub-
unit of SD22-6, which contained palindromic AT-repeats
(PATRRs). Paralogs of SD22-6 flank copies of every other duplicon
in the assembled alleles, and each of these paralogs in hg38 con-
tained PATRRs. Thus, we hypothesize that the PATRRs could be
driving the rearrangements at this locus. PATRRs are known to
form cruciform structures, which are prone to double-strand
breaks (Leach 1994; Lobachev et al. 2002). If these breaks occur
simultaneously at multiple loci in the genome, these are often re-
solved by nonhomologous end joining (NHEJ), thereby rearrang-
ing the genome in some cases (Kurahashi and Emanuel 2001;
Kato et al. 2008).

Although 22q11DS is the most frequent microdeletion syn-
drome, the underlying cause for the wide spectrum and variability
of phenotypes observed has not been fully elucidated. Variation of
genes embedded in copy number variable regions like LCR22s has
been so far ignored. We suggest that copy number variable genes
embedded in the LCR22s could explain some of the phenotypic
variability observed in individuals with the 22q11DS and human
in general. SD22-3 contains at least two known active genes
(TMEM191B and RIMBP3) (Fig. 1B). TMEM191B is expressed in
brain tissue (The GTEx Consortium 2013; Fagerberg et al. 2014).
Not every allele of LCR22A features this duplicon, but neither is
it observed to be present in more than one copy. Both
TMEM191B and RIMBP3 have paralogs in LCR22D (TMEM191C,
RIMBP3B, and -C). The genes PRODH, DGCR5, and DGCR6 reside
in SD22-5 (Guo et al. 2018), which was retained in even the
smallest mapped allele of LCR22A. In all mapped individuals
with the typical 22q11 deletion, this duplicon is deleted, confirm-
ing previous observations of its hemizygosity inmost patients (Liu
et al. 2002; Jacquet et al. 2003; Michaelovsky et al. 2012; Guo et al.
2016, 2018). Additionally, the presence of pseudogenes (PI4KAP1
and P2, GGT3P, DGCR6L, BCRP2, GGT2) and lncRNAs (FAM230A,
FAM230B, and at least seven noncharacterized paralogs) in differ-
ent copy numbers could influence gene expression. However, in
the absence of an unambiguous reference sequence, it remains
challenging to investigate the gene activity of each duplicon.
Moreover, the observed size differences of LCR22A might exert a
spatial effect on chromatin looping in the cell, thereby altering to-
pologically associated domains (Kleinjan and van Heyningen
2005; De Laat and Duboule 2013; Weischenfeldt et al. 2013).
The phenotypic effect of variable repeat architecture could be mi-
nor for intact alleles but could alter gene expression completely
when the LCR22s are rearranged. Hence, with these LCR22 assem-
blies, we envision future work to further elucidate the effect of
multicopy genes at this locus.

In summary, high-resolution optical mapping has allowed
us to reveal an extraordinary level of variability within LCR22s.
Our map of this genomic region is, to date, the most comprehen-
sive for the LCR22s in the human genome reference sequence.
Further, this map provides a framework for the alignment of
both short and long read sequences which will ultimately close
the remaining reference gaps and enable sequence-based analysis
of the LCRs. Understanding the LCR variation will shed light on
the mechanisms leading to 22q11 rearrangements and the differ-
ent frequencies of the variation among populations. This knowl-
edge will likely guide future prenatal counseling and testing for
22q11-related disorders. The LCR22s have rapidly expanded dur-
ing hominoid evolution (Guo et al. 2011) and, considering the re-
gion encompasses nine known active genes and comprises 54
different RNAs, it seems plausible that the region influences im-
portant human traits. Thus, it is likely that the LCR variability
has phenotypic consequences, whichmayplay a role in phenotyp-
ic variability in 22q11DS and affect other traits in the normal pop-
ulation. The ability to visualize and reconstruct complete and
intact LCR haplotypes will greatly enhance our ability to start un-
raveling these important correlations.

Methods

Patients and EBV cell lines

Patients with the 22q11DS were diagnosed using either a FISH as-
say with TUPLE1/ARSA probes (Abbot Molecular), the MLPA

High-resolution mapping of Chr 22 low copy repeats

Genome Research 1397
www.genome.org

http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.248682.119/-/DC1


SALSA P250 DiGeorge diagnostic probe kit (MRC-Holland), or
with the CytoSure Constitutional v3 (4 ×180k) (OGT). All individ-
uals in the study were informed of the project’s outlines and gave
written consent for their EBV cell lines and DNA to be used for se-
quencing and genotyping purposes. The study was approved by
the Medical Ethics committee of the University hospital/KU
Leuven (S52418), the Institutional Review Board approved re-
search protocol (COMIRB 07-0386) at the University of Colorado
Denver, School of Medicine, and the Children’s Hospital of
Philadelphia under Institutional Review Board (IRB) protocol
07-005352. Fiber FISHmapping was performed on Epstein Barr vi-
rus transformed lymphoblastoid cell lines from peripheral blood
from probands and their parents. EBV cell lines were established
as described (Hui-Yuen et al. 2011). Eleven patients were recruited
during routine consultations in the hospital of Leuven, one at the
Children’s Hospital of Philadelphia, and two at the Albert Einstein
College of Medicine (IRB: 1999-201-047). HapMap control cell
lines and chimpanzee fibroblast cell line AG06939Awere obtained
from the Coriell Cell Repository and cultured according to stan-
dard protocols.

In silico characterization of repeat subunits in LCR22s

All segmental duplication track positionswere downloaded in BED
format from UCSC in the region Chr 22: 18,000,000–25,500,000
(hg38), including paralogous LCRs located elsewhere in the ge-
nome. These were merged with BEDTools v2.17.0 (Quinlan and
Hall 2010), and sequences were retrieved with the UCSC Table
Browser (Kent et al. 2002; Karolchik et al. 2004, 2014). These
were then self-aligned using BLASTN v2.2.28+ (Altschul et al.
1990) and filtered for reciprocal BLAST hits, alignments <100bp,
and alignments <99% identity. If multiple queries aligned to the
same subject segmental duplication at different positions, the seg-
mental duplication was split into multiple units. Unit positions
were converted to BED format, sequences retrieved through the
UCSC Table Browser, self-aligned again, and similarly filtered.
Clusters of units aligning to each otherwere each considered a sub-
unit family (Supplemental Table S1).

BAC DNA, long-range PCR probe design, and labeling

Using the subunit sequences library, 14 fluorescent probes were
designed (Supplemental Table S2).

For each of these 14 subunits, long-range PCR primer pairs
were designed, producing amplicons between 2946 and 9794 bp
(Supplemental Table S2). PCR reactions were performed with the
TAKARA LA v2 kit (Takara Bio) using the standard gDNA protocol.
Template gDNA was extracted from the same cell line for all reac-
tions, to reduce amplicon variation between batches.

BAC clones were obtained from BacPac Resources (CHORI) as
E. coli stab cultures, which were grown according to recommenda-
tions. BAC DNAwas extracted using the Nucleobond Xtra BAC kit
(Macherey-Nagel).

Subunit PCR Amplicons and BAC DNAwere purified and an-
tibody-labeled by random prime amplification (BioPrime DNA
Labeling System; Invitrogen). An indirect detection system with
primary labels Biotin-dUTP, Digoxigenin-dUTP, and Fluorescein-
dUTP was used. The use of three labels allowed production of six
detectable probe colors: three of each label separately and three
of each pairwise combination.

DNA combing, FISH, and fiber pattern assembly

DNA fibers were stretched using the Genomic Vision extraction kit
and combing system for a total of 33 human and one chimpanzee

cell line (Supplemental Table S3) using standardmethodology (for
details, see Supplemental Methods).

Coverslips with combed DNA were hybridized with the de-
signed probe pattern and washed using the manufacturer’s stan-
dard protocol. Probes were detected by indirect labeling with
BV480 Streptavidin (pseudocolored red; BD Biosciences; 564876),
Cy3 IgG FractionMonoclonalMouse Anti-Fluorescein (pseudocol-
ored green; Jackson Immunoresearch; 200-162-037), and Alexa
Fluor 647 IgG Fraction Monoclonal Mouse Anti-Digoxigenin
(pseudocolored blue; Jackson Immunoresearch; 200-602-156).
Probe mixes produced pseudocolors cyan, magenta, and yellow.
Slides with labeled DNA were mounted in the provided scanner
adapters and scanned at three excitation channels on a custo-
mized automated fluorescence microscope (Genomic Vision).

Images were compiled to one complete slide recording and vi-
sualized in FiberStudio (Genomic Vision). Slides were manually
screened, and fiber signals were cropped to single image files.
Individual images were visually aligned based on matching colors
and distances between different probes. Fibers were tiled to com-
plete alleles for LCR22A, B, C, and D, and compared to hg38 probe
positions in the UCSC Genome Browser. Chimeric fiber patterns
and false positive signals caused by noise were eliminated by filter-
ing for overlapping patterns identical in color sequence and
spacing

Assembly of artificial LCR22 reference sequences

To confirm the fiber FISH assemblies, Bionano assays were per-
formed on an overlapping cohort of seven individuals. To compare
results from the two methods, fiber FISH results were converted in
silico into the optical map format. Using the hg38 reference ge-
nome sequences of SD22-1 to SD22-6 and LCR22D, the sequence
of each allele was predicted based on the orientation and copy
number of subunits detected in the fiber FISH assemblies. Those se-
quences were then in silico labeled at recognition sites of the en-
zyme used for Bionano optical mapping, generating CMAP data
files for all LCR22 repeats.

Bionano genome mapping and assembly

High-molecular-weight DNA was extracted and processed for
Bionano genome mapping using standard methods and protocols
provided by the vendor (Bionano Genomics). The DNA was la-
beled using the Bionano Prep Early Access Direct Labeling and
Staining (DLS) Kit (Bionano Genomics). The DNA was loaded
onto the Bionano Genomics Saphyr Chip and linearized and visu-
alized using the Saphyr system (for details, see Supplemental
Methods).

Detection of structural variation within LCR22s

Structural variation in the LCR22s was evaluated in Bionano ge-
nome map data labeled using the Nt.BspQI nickase enzyme from
154 individuals representing 26 diverse populations from five
superpopulations (Levy-Sakin et al. 2019). Assembled contigs
mapping to LCR22s were realigned to Chromosome 22 using
RefAligner from Bionano Solve 3.1 (for details, see Supplemental
Methods).

LCR22 haplotype identification from Bionano data

A catalog of configurations for each locuswas generated by compil-
ing the configurations observed in the assembled Bionano contigs
from the full data set derived from normal individuals and verify-
ing that each entry was supported by single molecules in at least
one sample. Configurations were first grouped into categories in
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which the members were mutually exclusive, so that longer
configurations would be analyzed separately from those that
were subsets of them. Using this approach, a “minimal” set of con-
figurations that were anchored upstream of or downstream from
the repetitive region were constructed for LCR22A (Fig. 3A,C).
An “extended” set was also created that expanded on the minimal
configurations, where available (Fig. 3B,D). LCR22D contained a
variable proximal region, as well as a distal region that contained
a single structural variant. These two regions were analyzed sepa-
rately (Fig. 3G–I).

A package called OMGenSV (Supplemental Code) was used to
genotype each set of configurations in all the samples. In silico la-
beled representations of each configuration were created in
Bionano CMAP format using OMGenSV’s get_cmap_subsets.py
and add_cmap_files.py scripts to combine 1Mb of flanking unique
region from the reference chromosomewith representative assem-
bled contigs observed in the normal population-based samples.
For all configurations in a given group, their CMAP representations
were kept as consistent between one another as possible, that is,
containing the same flanking areas. For each grouped set of config-
urations described above, single molecules from each sample were
used to determine which configuration(s) the sample contained
(for details, see Supplemental Methods). Each observed configura-
tion in a given sample was counted once, and the overall preva-
lence of any configuration was calculated by dividing the
number of times that particular configuration was observed by
the total number of all configurations observed for that locus in
the relevant group.

LCR22 haplotype reconstruction in trios

Full haplotypes at LCR22A and LCR22D were reconstructed
for Families 1 and 2 from Bionano genome map data labeled
with the DLS enzyme as follows. For each proband, the mole-
cule-to-contig alignments for all local contigs were examined to
break apart the contigs into local configurations that had strong
molecule support. To identify any additional configurations
that had not been assembled, the local molecules (identified
as described above) were aligned to the reference Chromosome
22 using OMBlastMapper with the following parameters: ‐‐align-
mentjoinmode 3 ‐‐indelp 10 ‐‐invp 10 ‐‐transp 10 ‐‐closeref
4000000 ‐‐closefrag 4000000 ‐‐filtermode 1 ‐‐minmatch 4
‐‐maxclusteritem 1 ‐‐trimmode 1 ‐‐minscore 30. The resulting
alignment was visualized using OMView and manually inspected
for additional configurations (Leung et al. 2017).

Data access

Fiber FISH and STR data are available in the SupplementalMaterial,
and cell lines used to map repeats are available upon request.
Bionano optical mapping data from this study have been sub-
mitted to the NCBI BioProject database (https://www.ncbi.nlm
.nih.gov/bioproject/) under accession number PRJNA418343.
Scripts used in this study are available at https://github.com/
yuliamostovoy/OMGenSV and as Supplemental Code.
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