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In brief
Analysis of 24 individuals harboring
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repeats acting as points of genomic
instability leading to genomic disorders.
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SUMMARY

The duplication-triplication/inverted-duplication (DUP-TRP/INV-DUP) structure is a complex genomic rear-
rangement (CGR). Although it has been identified as an important pathogenic DNA mutation signature in
genomic disorders and cancer genomes, its architecture remains unresolved. Here, we studied the genomic
architecture of DUP-TRP/INV-DUP by investigating the DNA of 24 patients identified by array comparative
genomic hybridization (aCGH) on whom we found evidence for the existence of 4 out of 4 predicted structural
variant (SV) haplotypes. Using a combination of short-read genome sequencing (GS), long-read GS, optical
genome mapping, and single-cell DNA template strand sequencing (strand-seq), the haplotype structure was
resolved in 18 samples. The point of template switching in 4 samples was shown to be a segment of ~2.2-5.5
kb of 100% nucleotide similarity within inverted repeat pairs. These data provide experimental evidence that
inverted low-copy repeats act as recombinant substrates. This type of CGR can result in multiple conformers
generating diverse SV haplotypes in susceptible dosage-sensitive loci.

INTRODUCTION

DNA rearrangements can take many forms in a diploid genome,
including deletions, duplications, inversions, and translocations,
and can occur on a scale ranging from a few base pairs (bp) to
several million base pairs (Mb)." Among these diverse forms, com-
plex genomic rearrangements (CGRs) are particularly intriguing due
to their mostly unpredicted genomic architecture, potential impact
on gene dosage, and the consequences for human health. CGRs
represent a subset of structural variants (SVs) that involve more
than one breakpoint junction in cis, often resulting in the formation
of highly complex genomic structures within a chromosome.”™
The duplication-triplication/inversion-duplication (DUP-TRP/
INV-DUP) structure is one such CGR perturbation of genome

integrity. This genomic instability can be incited by a given pair
of inverted low-copy repeats (LCRs) and result from two tem-
plate switches (TSs) during the process of DNA break repair.”
This recurring DNA rearrangement end product structure is
increasingly recognized for its significant roles in human disease,
including neurodevelopmental disorders of childhood and adult
onset neurodegenerative diseases, as well as its occurrence in
cancer genomes.'°®

Large palindromic repeat sequences have shown to be pre-
served by natural selection across species and point to the for-
mation of inverted repeats in humans.® In 2013 a genome-wide
computational analysis of the GRCh37 human reference build
uncovered 1,551 inverted repeats that may predispose a region
to local genomic instability by generating a DUP-TRP/INV-DUP
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structure. That analysis predicted 1,445 dosage-sensitive genes
at risk to undergo a mutational event leading to potentially path-
ogenic DUP-TRP/INV-DUP structures.'® Importantly, the variab-
ility in the gene copy number generated as a result of this SV and
gene dosage effects (i.e., whether mapping to the duplicated or
triplicated genomic interval) has been shown to influence dis-
ease severity and subsequent clinical heterogeneity.>' "~

The DUP-TRP/INV-DUP structure has historical and clinical
relevance in X-linked genomic disorders. It was originally descri-
bed in the MECP2 duplication syndrome (MRXSL, MIM: 300260),
a developmental disorder affecting boys that is caused by copy-
number variants (CNVs) spanning the dosage-sensitive gene
MECP2 at Xq28 with 100% penetrance.'® Approximately 26%
of individuals with MRXSL harbor a DUP-TRP/INV-DUP in a
hemizygous state mediated by inverted LCRs downstream of
the gene.>'®"” A more severe clinical phenotype is observed
in patients with MECP2 triplication.>'>"'® Copy-number events
not spanning the MECP2 gene but mediated by the same
LCRs have also been implicated in other Xg28 duplication syn-
dromes, sometimes with incomplete penetrance.'®

Upstream of MECP2 on the X chromosome, a different pair of
inverted LCRs at Xg22.2 PLP1 locus can also generate a DUP-
TRP/INV-DUP structure causing Pelizaeus-Merzbacher disease
(PMD, MIM: 312080). This CGR is identified in up to 20% of com-
bined cohorts of 134 PMD subjects.”°* As in MRXSL, triplica-
tions of PLP1 are associated with a more severe phenotype in
patients.>® A majority of the pathogenetic effects for DUP-TRP/
INV-DUP seem to be due to higher gene expression of
dosage-sensitive genes (i.e., gain of function). However, loss-
of-function effects of this type of variant have also been re-
ported—for example, DUP-TRP/INV-DUP generated by LCRs
within Xp21.1 disrupting exons 45-60 in the gene DMD causes
Duchenne muscular dystrophy (MIM: 310200).%*

Pathogenic DUP-TRP/INV-DUP structures in autosomes have
been reported in multiple studies. Triplications of the gene
CHRNAY as the result of a DUP-TRP/INV-DUP structure on
chromosome 15 have been associated with neuropsychiatric
phenotypes and other cognitive impairments, including autism
spectrum disorder and attention-deficit/hyperactivity disor-
der.?®?% A pair of inverted LCRs on the long arm of chromosome
7 have been shown to generate the DUP-TRP/INV-DUP struc-
ture disrupting the gene VIPR2 potentially impacting neurodevel-
opment and behavior.?’ In addition, errors in imprinting due to
template switching in the formation of DUP-TRP/INV-DUP
events can underlie cases of Temple syndrome (MIM: 616222)
and be associated with patients harboring multiple congenital
malformations.?®>° Moreover, DUP-TRP/INV-DUP is also re-
ported in familial genetic conditions shared by apparently unre-
lated families in identity-by-state inheritance. Amplifications of
the gene SNCA within a DUP-TRP/INV-DUP structure at
4g22.1 has been associated as a causal factor in the progression
of Parkinson disease (MIM: 168601), with duplications of the
gene leading to a late onset of the disease versus triplications
that lead to an early onset.*°™? Intriguingly, contrary to the
X-linked CGRs, autosomal DUP-TRP/INV-DUP structures
show lower frequency per locus, perhaps due to the smaller
size of inverted repeats involved. Examples include a cohort of
27 individuals with 17p13.3 duplication syndrome, in which
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10% were found to have a DUP-TRP/INV-DUP structure formed
by inverted Alu elements.*®

As the number of rare Mendelian disease traits and genomic
disorders associated with this CGR continues to increase, our
understanding of its implications in somatic cell mutagenesis
and cancer genome evolution and progression is just beginning.
Recent investigations into the role of structural variation in can-
cer genomes identified the DUP-TRP/INV-DUP structure as
one of the 12 most prevalent SV mutational signatures.® The
altered copy-number state generated by the formation of such
structure may lead to tumor-level selection pressures from aber-
rant gene dosage as well as the activation of oncogenes or inac-
tivation of tumor suppressor genes.>*~*° Notably, both genomic
disorders and cancer genome studies provided insights into the
recombinant junctions and structural haplotype possibilities that
may occur.

Whether found within the constitutional or cancer genome, the
DUP-TRP/INV-DUP structure seems to be formed through
genomic instability triggered by a given pair of inverted re-
peats.>'? The instability was proposed to result from a fork
collapse during replication repaired by break-induced replication
(BIR).*” The initial recombination step uses non-allelic homology
provided by intrachromosomal inverted repeat substrates. DNA
replication continues in the reverse direction until a second fork
collapse occurs. Repair of the original strand may be accom-
plished by non-homologous end joining (NHEJ) or microhomol-
ogy-mediated BIR (MMBIR), which resolves the second break
in mitotic cells.>*%2%:38

Until recently, genomic sequencing technology limitations
within large segments with high nucleotide sequence similarity
stymied our ability to identify BIR breakpoints. Furthermore, we
were previously unable to investigate the genomic haplotype
structure of the large-size (kb or Mb) segments involved in
DUP-TRP/INV-DUP events in the context of a personal genome.
Here, we sought to fully resolve those CGR structures and estab-
lish the variant haplotypes utilizing multimodal experimental
genomic analyses and computational tools. We also define the
molecular features of the inverted repeats that serve as sub-
strates for recurrent pathogenic BIR at a specific Xg28 locus.

RESULTS

Inverted LCR pairs generate recurring DUP-TRP/INV-
DUP patterns

The present study includes 24 individuals who harbor a DUP-
TRP/INV-DUP genomic structure as initially identified by high-
resolution array comparative genomic hybridization (@CGH).
Out of the 24 samples within this cohort, 23 are males with a
duplication (n = 19) or triplication (n = 4) spanning the MECP2
gene causing MRXSL (Figure 1A; Table 1). There is one female
subject harboring a large (approximately 7.3 Mb) DUP-TRP/
INV-DUP at Xg21 without overlapping MECP2 (Figure 1B) who
presented with developmental delay.

Based on customized aCGH data (hg19), the genomic rear-
rangements range in size from 417 kb to 7.4 Mb (from the begin-
ning of the first duplication to the end of the second duplication)
(Data S1; Table S1). The sizes of the initial duplication as well as
triplication are variable, ranging from 18.5 kb (BAB2797) to 1.23
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Figure 1. Probands carrying DUP-TRP/INV-DUP genomic structure
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(A) Genomic region spanning Xg28, including the MECP2 critical region, is shown with the location of selected genes and inverted repeats mediating DUP-TRP/
INV-DUP formation in this cohort (43202a/43202b; 43221a/43221b [K1/K2, green and purple arrows]; 43231a/43231b [L1/L2]). The relative genomic locations of
the duplication (red) and triplication (blue) are shown. Uncertainty as to the precise location of the start/end of either the duplication or triplication due to lack of
probes on aCGH or low mapping quality in short-read GS within a given interval are depicted in light red and light blue, respectively.

(B) A single individual female (BAB12566) is shown with a DUP-TRP/INV-DUP within Xq21, along with the relative position of inverted LCR pairs (37696a/37696b).
The naming scheme for 43221a/43221b (K1/K2) and 43231a/43231b (L1/L2) are derived from previous work detailing the DUP-TRP/INV-DUP structures at the
MECP2 locus on the X chromosome.®'®°® Genes included in this panel have an associated phenotype in OMIM.

Mb (BAB15705) for the duplication region and 8.2 kb (BAB3216)
to 7 Mb for the triplicated region (BAB12566). The size of the
duplication and triplication events are dependent on the location
of the second TS forming junction 2. The size of the second
duplication is dependent on the distance between the two initi-
ating LCRs within a given genomic loci. In contrast, the size of
the second duplication tends to be constant for the same loci
since that CNV is often mediated by inverted repeats. In this
cohort, the second duplication varies from 16 to 575 kb, but 18
out of 24 CGRs show the same duplicated segment of 47 kb.
In this cohort, four different pairs of inverted repeats were
identified to initiate the formation of the CGR event; three pairs
are located at Xq28 (43202a/43202b; 43221a/43221b [K1/K2];
and 43231a/43231b [L1/L2]), whereas the fourth pair is located
at Xg22.1 (37696a/37696b). The size of each inverted repeat
pair included in this study as well as the distance between the

pairs varied. The smallest pair (43202a/43202b) was 926 and
917 bp in length, with 98.12% similarity, separated by
317,810 bp. The next smallest (43221a/43221b [K1/K2]) was
11,455 and 11,446 bp in size, with 99.23% similarity, separated
by 37,614 bp. The next largest pair (43231a/43231b [L1/L2]) had
both repeats approximately 35,968 bp in size and 99.92% simi-
larity, with 21,624 bp separating the two. The largest repeat pair
identified in this cohort (37696a/37696b) was 140,562 bp and
140,621 bp in size, with a distance of 10,767 bp apart with
99.89% similarity (Table S2).

The breakpoint junction alignments for junction 2 in the struc-
ture for each sample were determined through either short-read
genome sequencing (GS), long-read PacBio HiFi sequencing,
traditional Sanger dideoxy sequencing, or a combination of
methods. Out of a total of 24 samples, 14 samples showed a
1- to 9-bp microhomology at the breakpoint junction, one
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Table 1. Haplotype and breakpoint junction features among probands carrying DUP-TRP/INV-DUP

Jet1/
Jct2 MECP2 Inverted Intra-/
Patient BH Haplotype single inverted repeat interchromosomal Previous
identifier identifier structure molecule  (Y/N) Junction 1 pair event Junction 2 studies
BAB2727 BH16106_1 ND ND ND PB (ChrX:153,613, 43221a/43221b N/A microhomology Carvalhoetal.'®
143-153,615,342) (K1/K2) 2 bp + templated insertion
BAB2769 N/A 3 no no OGM, Sanger 43202a/43202b intrachromosomal microhomology: Carvalho et al.®
2 bp + deletion
BAB2772 N/A 3 yes yes OGM 43221a/43221b intrachromosomal Microhomology: 3 bp Carvalho et al.”
(K1/K2)
BAB2796 BH16110_1 2 yes no OGM 43221a/43221b intrachromosomal 2 bp insertion Carvalho et al.®
(K1/K2)
BAB2797 N/A ND ND ND ND 43221a/43221b intrachromosomal 1 bp insertion Carvalho et al.”
(K1/K2)
BAB2801 BH15649_1 4 yes yes OGM 43221a/43221b intrachromosomal ~ microhomology: 7 bp Carvalho et al.”
(K1/K2)
BAB2805 N/A ND ND yes ND 43221a/43221b intrachromosomal  blunt junction Carvalho et al.”
(K1/K2)
BAB3114 BH14245 1 1 no yes OGM, PB 43221a/43221b intrachromosomal microhomology: 2 bp Carvalho et al.”
(ChrX:153, (K1/K2)
613,143-
153,615,342)
BAB3147 BH16111_1 6 yes no OoGM 43221a/43221b intrachromosomal microhomology: 2 bp Carvalhoetal.'”
(K1/K2)
BAB3216 N/A ND ND ND ND 43202a/43202b intrachromosomal microhomology: Carvalhoetal.'”
4 bp + templated insertion
BAB3255 BH16108_1 1or3 no yes OGM 43221a/43221b intrachromosomal microhomology: 2 bp Carvalhoetal."”
(K1/K2)
BAB3274 BH16112_1 1o0r3 no yes OGM 43221a/43221b intrachromosomal ~ microhomology: 3 bp Carvalhoetal.'”
(K1/K2) + 9 bp + 5 bp deletions
BAB12566 BH13842_1 1 no N/A OGM 37696a/37696b interchromosomal microhomology: 2 bp This study
BAB14392 BH15645_1 ND ND ND ND 43231a/43231b intrachromosomal microhomology: 1 bp This study
(L1/L2)
BAB14547 BH15700_1 3 yes yes OGM, PB 43221a/43221b intrachromosomal microhomology: 1 bp This study
(ChrX:153, (K1/K2)
613,143-
158,615,342)
BAB14604 BH15701_1 3 yes yes OGM, PB 43221a/43221b N/A microhomology: 1 bp This study
(ChrX:153, (K1/K2)
613,143-
153,618,666)

(Continued on next page)
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Table 1. Continued
Jet1/
Jet2 MECP2 Inverted Intra-/

Patient BH Haplotype  single inverted repeat interchromosomal Previous

identifier identifier structure molecule  (Y/N) Junction 1 pair event Junction 2 studies

BAB14686 BH15640_1 2 yes no OGM 43221a/43221b intrachromosomal microhomology: 2 bp This study
(K1/K2)

BAB15418 BH16300_1 4 yes no OGM 43221a/43221b N/A microhomology: 2 bp This study
(K1/K2)

BAB15428 BH16301_1 1or no yes OGM 43231a/43231b(L1/ interchromosomal  AluY/AluSx1 at This study

3or13 L2) breakpoint

BAB15702 BH16609_1 6 yes no OoGM 43221a/43221b intrachromosomal microhomology: 9 bp This study
(K1/K2)

BAB15705 BH16611_1 2 yes no OGM 43221a/43221b intrachromosomal microhomology: This study
(K1/K2) 6 bp (AluYa8/Aludo)

BAB15740 BH16610_1 2 yes no OGM 43221a/43221b intrachromosomal microhomology: 2 bp This study
(K1/K2)

BAB15789 N/A 2 yes no OGM 43221a/43221b N/A microhomology: 2 bp This study
(K1/K2)

BAB15420 BH16299_2 ND ND ND ND 43221a/43221b N/A complexities This study
(K1/K2)

The majority of patients contain MECP2 in duplicated segment A/A’, except BAB3147, BAB15420 (truncated MECP2 - B/B’); BAB2801, BAB2805, BAB3114, BAB2797 (triplicated MECP2 -

B/B’); BAB2769, BAB3216 — C/C’. N/A, not available; ND, not determined; OGM, optical genome mapping; PB, PacBio HiFi.
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Figure 2. Predictive model for DUP-TRP/INV-DUP formation

At least 4 haplotype sub-structures can be derived from rearrangement involving a pair of inverted LCRs. This figure depicts the LCRs K1 and K2 (green and
purple arrowheads) within the MECP2 locus used as substrates during an intrachromosomal event. The same model can be applied to other DUP-TRP/INV-DUPs
formed through inverted LCRs pairs nearby dosage-sensitive genes.* The formation of the DUP-TRP/INV-DUP event may start due to a replication fork stall and
collapse at or nearby the LCR (K1), denoted as a green arrowhead. Homology drives strand invasion at the inverted LCR (K2') on the opposite strand (denoted in
purple), producing junction 1. DNA replication continues in the opposite direction until a second replication fork collapse and repair on the original strand through
either MMBIR or NHEJ resolves the second junction. The 4 conformer possibilities shown here are determined by the replication fork collapsing and jumping (TS

denoted by dashed black arrows) from either K1 to K2’ or K2 to K1'.

showing 7 bp of microhomeology, one with a blunt junction, two
showed a 1- to 2-bp insertion, one sample displayed an Alu/Alu
fusion at the breakpoint, and five displayed additional complex-
ities such as templated insertions or microhomology-mediated
deletions (Table 1). BAB15428 showed a chimeric fusion of
AluY and AluSxT; these Alu repetitive elements were present in
an inverted orientation on the reference genome and share
83% nucleotide sequence similarity. Although we have not
obtained the breakpoint junction at the nucleotide level for this
junction, we hypothesize that it is an Alu-Alu mediated event.*®
Junction 2 in BAB15705 was found to be mediated by AluYa8
and Aludo, which were also in an inverted orientation and shared
36% sequence similarity when aligned to each other using the
NCBI BLAST tool.> "7

Modeling SV haplotype conformers of mutational events

The previous identification of triplications being inverted and
embedded within duplicated sequences provided evidence for
two breakpoint junctions that occur in cis, forming the DUP-
TRP/INV-DUP structure, with inverted LCRs acting as a recom-
binant substrate through BIR to generate this type of structure.”
The model for the formation of each haplotype conformer is
predicated on which inverted LCR was used to generate the

6 Cell Genomics 4, 100590, July 10, 2024

event and the distance and location that the template then
switches back to the reference strand, continuing through repli-
cation and resolved by extended replication, repair by NHEJ, or
the formation of half-crossover.®

We developed a prediction model based on an LCR pair within
the MECP2 locus 43221a (K1) and 43221b (K2) (Data S2). This
model is based on experimental interpretation and inferences
from previous studies® and expanded based on the results we
obtained here using GS and optical genome mapping (OGM) ap-
proaches, which enable the incorporation of the diversity of
observed haplotypes. It can be used to infer whether the TS
occurred from the first LCR (K1) to the second LCR (K2) on the
sister chromatid via homologous recombination and re-initiation
of the replication fork to resume replication in the opposite orien-
tation (haplotype conformer 1 and 2) or a TS from the second
LCR (K2) to the first LCR (K1) on the opposite sister chromatid
(haplotype conformers 3 and 4) (Figure 2). Both form a chimeric
LCR (i.e., recombinant representing junction 1) and a recurrent
duplication (DUP2) spanning the genomic segment in between
the inverted repeats. Junction 2 results from a second TS trig-
gered by double-stranded break or replication fork stalling/
collapse, which will produce the inverted triplication segment
and DUP1. The size of the inverted triplication and DUP1
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Figure 3. Haplotype resolution using OGM

Structural haplotype determination and conformer configuration was established based upon single-molecule support through junction 1 and junction 2 in cis.
Two samples in the cohort are highlighted, BAB14604 (left) and BAB15418 (right).

(A) ArrayCGH plots for each sample show a similarly sized DUP-TRP-DUP event both mediated by inverted LCRs (shown as green and purple arrows) down-
stream of MECP2 (black rectangle).

(B) OGM reference (green rectangle) shows in silico motifs throughout the MECP2 locus. The red arrows correspond to the duplicated segments, whereas the
blue arrow corresponds to the triplicated segments. The length of the CNVs is proportional to the aCGH CNV.

(C) OGM de novo assembly from proband samples are shown in blue rectangles. Sequence motifs aligned to the reference shown as connecting gray lines enable
restriction fragment genome mapping and pattern recognition. Red and blue arrows are overlayed to represent the position and orientation of each amplified

genomic fragment within the DUP-TRP-DUP structure. The connection points forming junctions 1 and 2 are shown as black vertical dashed lines/bars.
(D) Single DNA molecules that span both junctions 1 and 2 are highlighted in blue, confirming that both junctions are present in cis.
(E) Hypothesized resolved haplotypes based on CNV and in cis junction analysis. Although both samples show nearly identical aCGH patterns, BAB14604 has

conformer haplotype 3 and BAB15418 shows conformer haplotype 4.

depends on the location of the second TS. The linearized final
structure thus allows inferences as to the temporal replication
fork jumps (i.e., iterative TS of the progressing replication fork)
forming junctions 1 and 2 with the formation of a chimeric
LCR. The same prediction model can be inferred for all inverted
repeats detailed in this study (43202a, 43202b; 43221a/43221b
[K1/K2]; and 43231a/43231b [L1/L2], 37696a, and 37696b), as
well as other pairs that generate additional DUP-TRP/INV-DUP
events at other positions (Figure S1).

Structural variant haplotype conformers within DUP-
TRP/INV-DUP events

In samples for which cell lines or whole blood was previously
frozen and available, we utilized ultra-high-molecular-weight
DNA and OGM to phase genomic fragments in the context of
the larger structure and the diploid genome through the visuali-
zation of single DNA molecules containing genomic segments
in the structure (Figure 3). Out of 19 samples on which OGM
was performed, we could phase the DUP-TRP-DUP CGR into
four distinct and predicted substructures that are possible
through two TSs (Figure 2). The four identified conformers are
(1) the initial duplication, triplication, and final duplication, all in
an inverted orientation (haplotype structure 1) (BAB3114 and
BAB12566); (2) the triplication and final duplication in an inverted
orientation (haplotype structure 2) (BAB2796, BAB14686,
BAB15705, BAB15740, and BAB15789); (3) the triplication and

initial duplication in an inverted orientation (haplotype structure
3) (BAB2772, BAB14547, BAB14604, and BAB2769) (Figure 3);
and finally, (4) just the ftriplication in an inverted orientation
(haplotype structure 4) (BAB2801 and BAB15418) (Figure 3; Ta-
ble 1). Two samples (BAB3147 and BAB15702) were found to
harbor an additional structure (haplotype structure 6), which is
formed through the same mechanism as haplotype structure 2
but leads to an appearance of an inversion of only the triplication
due to a potential ancestral inversion of the segment C relative to
reference (Data S1 and S2). For the LCR K1 and K2, a polymor-
phic inversion is known to be present in approximately 18% of
the population of European descent.*’

The two breakpoint junctions (Jct1 and Jct2) have the same
nucleotide sequencing at the connection point in all sub-haplo-
type structures for the same individual; however, the orientations
of genomic fragments in the structure differ between distinct
haplotype conformers when the structure is visualized in a linear
fashion (Figure 2). Single DNA molecule resolution in cis through
both breakpoint junctions 1 and 2 (Figure 3D) enables an inter-
pretation of each individual haplotype structure, given the rear-
rangements occur in a male on the X chromosome and not on
an autosome. For samples for which we did not have a single
DNA molecule that spans both junctions 1 and 2 (BAB3255,
BAB3274, and BAB15428), we could not definitively refine the
structure to a single haplotype, but we could refine it to either
haplotype 1 or 3 or 13 (Data S1 and S2).
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Figure 4. Refined position of TS within LCR K1/K2

Identification of PSVs through inverted LCRs allows for a determination of the relative position of the breakpoint junction within the inverted LCRs for BAB2727.
(A) aCGH showing a DUP-TRP-DUP structure, with MECP2 locus highlighted and magnified. The inverted LCRs K1 and K2 (shown as green and purple arrows)

are located flanking the terminal/3’ end duplication in the structure.

(B) Positions of K1 and K2 are shown with representative HiFi data below, highlighting sequence reads that span the region. Ancestral reads denote HiFireads are
uniquely aligned with LCR (e.g., reads 2, 4, and 5). Breakpoint reads denote HiFi reads that begin in unique sequence and show soft clipping as they exit the LCR
(e.g., reads 1 and 3). PSVs are visualized in LCR K2 with the green (A nucleotide) and red (T nucleotide) positions (ChrX:153,615,342 and ChrX:153,615,645,
respectively) that are found breakpoint reads in K2 and are present within points of homology in K1.

(C) Linearized structure showing the reads found within each position. The chimeric K1/K2 shows the positioning of PSVs used to refine the position of Jct1.
(D) Percentage of uniquely aligned base in slide window of 20 bp (i.e., sequence similarities were shown as a heatmap). A “hot” color, orange, denotes a 100%
match, while a “cold” color, purple, denotes reduced similarity. The position of the PSV can be used to estimate the distance the replication fork proceeds before
the TS to K2 occurred. Samples in this cohort could be narrowed to a 2.2- or 5.5-kb region.

Within DUP-TRP/INV-DUP, all samples with triplications en-
compassing the entire MECP2 gene have MECP2, an inverted
orientation (BAB3114, BAB2805, and BAB2801). Additionally,
haplotype structures 1 and 3 have the initial duplication (inc-
luding the MECP2 gene) in an inverted orientation on the ampli-
fied genomic fragment (BAB15428, BAB14604, BAB14547,
BAB3274, BAB3255, and BAB2772) (Table 1). The remainder
of the samples with an identified haplotype structure include
the amplified copy of MECP2 that appears to be present in the
structure in a proposed haploid human genome reference
orientation.

Long-read sequencing facilitated breakpoint mapping
within inverted repeats

PacBio HiFi facilitated the ability to generate highly accurate
reads though repetitive sequences that were not possible using
previous short-read technologies due to low mapping quality
within a given region. For the MECP2 region, LCRs K1 and K2
are approximately 11 kb in length and 99.23% similar (Hg19)
(Table S2). The CGR generates a hybrid K1/K2 resulting from
copy-number event in addition to extra copies of either K1 or
K2. All the long-reads that span the LCRs are mapped to the
reference, but we can refine the exact reads that map to the
K1/K2 hybrid as they will present soft-clipping junctions flanking
the genomic border of the LCRs (Figure 4). This approach
enabled the re-mapping of the hybrid reads, which revealed
the recombinant breakpoint junctions within the LCRs in four
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samples (BAB2727, BAB3114, BAB14547, and BAB14604).
These reads indicate the connection of LCR K1 and K2 forming
Jct1 within the DUP-TRP/INV-DUP structure that as a result form
a recombinant or chimeric LCR.

Moreover, the high accuracy rate of PacBio HiFi sequencing
allows the identification of single nucleotide changes even within
highly similar sequences (i.e., paralogous sequence variants
[PSVs]).*>*® Single nucleotide variation between the LCRs en-
ables one to refine the point from where BIR uses homology to
switch to its LCR pair (i.e., the recombinant join point) (Figure 4).
We could further refine the “crossover uncertainty” to approxi-
mately 5.5 kb in one sample (BAB14604) and 2.2 kb in three
samples (BAB14547, BAB2727, and BAB3114) (Figure 4D).
The uncertainty range is based on the presence of informative
PSVs (i.e., SNPs that are present in K2 but map to the same refer-
ence location in K1 or vice versa). If no informative SNPs were
present within the breakpoint spanning read, the uncertainty
range as to where the homology-driven TS occurred cannot be
determined within a given individual sequencing read.

CRISPR-Cas9 enrichment (ONT) and strand-seq
orthogonally validate fusion junction formation and
haplotype structure

CRISPR-Cas9 enrichment and subsequent Oxford Nanopore
Technologies (ONT) sequencing for the MECP2 critical region
was performed on three individuals in family BH14245, including
BAB3114 (proband), BAB3115 (carrier mother), and BAB3121
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(maternal grandfather). Targeted nanopore sequencing and
Cas9-guided adapter ligation on ultra-high-molecular-weight
extracted DNA allowed for sequencing within the MECP2 region
through the LCRs K1 and K2 as well as through duplication-trip-
lication-duplication event with single DNA molecule resolution of
the structure. ONT long-read sequencing through both K1 and
K2 LCRs orthogonally validated the informative PSVs that were
detected within K2 at position ChrX:153,615,342 and ChrX:
153,615,645 on reads that span the chimeric LCR and that are
present within the same position on K1 as independently visual-
ized though HiFi sequencing data (Data S3).

Additionally, the presence of a large single 530-kb read that
spanned (in a single molecule) the duplication and triplication re-
gions enabled refinement of the haplotype structure in the
context of the larger CGR (Data S3). This method allowed for
an additional orthogonal confirmation of the haplotype structure
that was observed in the OGM analysis of the same sample
(BAB3114) (haplotype conformer 1).

The implementation of single-cell DNA template strand
sequencing (strand-seq) for samples BAB3114 and BAB14547
provided an orthogonal confirmation of the haplotype structures
1 and 3, respectively. Strand-seq was particularly important to
validate the haplotype of BAB3114 because there were no mol-
ecules spanning both junctions 1 and 2 in the optical mapping
data for BAB3114 (Data S4).

DISCUSSION

We studied 24 individuals harboring a DUP-TRP/INV-DUP struc-
ture mediated by inverted repeats, including three sets that
reside at the MECP2 critical region at Xg28 and an additional
pair at Xg21. The size of the genomic fragments as well as the
fact that breakpoint junctions may occur within repetitive regions
of the genome previously obfuscated resolution of the SV haplo-
types. Utilizing data from high-resolution aCGH as well as short-
and long-read GS (ONT and PacBio HiFi), OGM and strand-seq
enabled elucidation of the recombinant events within each SV
haplotype and visualization of the individual conformers (Tables 1
and S3).

The formation of the DUP-TRP/INV-DUP structure was hy-
pothesized to occur by a combination of BIR and MMBIR or
NHEJ using inverted repeats as the recombinant substrate dur-
ing the process of generating breakpoint junctions 1 and 2.° A
combination of Southern blot and Sanger dideoxy sequencing
of these breakpoint junctions revealed the inverted orientation
of the triplication and its connections to flanking duplications.®
Partly due to technical limitations, previously applied methodol-
ogies did not identify SV haplotype differences specifically
concerning the order and position of which the copy-number
segments are assembled in the derivative genome of individuals
harboring DUP-TRP/INV-DUP.*>?"?%29 Therefore, although the
haplotype diversity was recently predicted,® the haplotype con-
formers cannot be distinguished by nucleotide breakpoint junc-
tion analysis alone, requiring ultra-long molecule methodologies
such as OGM or CRISPR-Cas9-targeted ONT.

Within this study, all four hypothesized SV haplotypes were
detected (Figure 2) in unrelated families with MRXSL in addition
to new ones (haplotype 6) (Table 1). The utilization of OGM
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together with long-read ONT and HiFi sequencing data allowed
for (1) identification of the relative orientation and order of each
genomic fragment and (2) breakpoint junction sequence to the
bp level resolution, including within large inverted repeats. Spe-
cifically, the initial LCR used to mediate the rearrangement is
now defined, and the recombinant region within that LCR is
delineated. The formation of this genomic aberration may lead
to pathogenic alleles due to increased gene expression of
dosage-sensitive genes, gene interruption, or gene fusion™* (Fig-
ure S2). Identification of these SV haplotype structures presents
a previously unknown level of complexity to SV mutagenesis.

Based on the experimental data provided by OGM, long-read
GS, and CRISPR-Cas9-targeted sequencing for this cohort, we
developed a predictive model that can be applied to susceptible
loci in the genome. '° The implementation of Strand-Seq allowed
for the refinement of haplotype structure 1 in BAB3114. In this
case, the molecule size limitations in OGM data restricted our
ability to resolve the haplotype from one data source alone. Addi-
tional derivations of these four observed haplotypes can occur
due to the presence of inversion alleles in the ancestral X chro-
mosome, as observed in BAB3147 and BAB15702 (Data S2).
Moreover, haplotype diversity can also occur due to interchro-
mosomal events (as opposed to intrachromosomal events)
such as those in BAB12566 and BAB15428 (Table 1; Figure S3).
Of note, BAB15428 is the first individual reported to carry an
interchromosomal DUP-TRP/INV-DUP structure in a male
MRXSL cohort, suggesting a contribution from two X chromo-
somes (Figure S3). Interestingly, the inverted repeats that
mediate this event (43231a/43231b [L1/L2]) differ from the ma-
jority of DUP-TRP/INV-DUP in the MRXSL cohort, which often
involve LCRs K1 and K2. This result possibly indicates a gender
preference for certain inverted repeats in BIR.

We elucidated four pairs of inverted repeats that act as recom-
binant substrates for the formation of this genomic event. Shared
nucleotide similarity ranges from 98.12% to 99.92%, whereas
there are significant differences in size and distance separating
them (Table S1). Most of the samples within this cohort (19/24)
have CGRs mapping to the LCR pairs 43221a/43221b (K1/K2)
downstream of the MECP2 locus. The K1/K2 pair has the third
largest separation distance (37,614 bp) and is the second-small-
est sized LCR pair (~11.5 kb). The average size of the duplication
1 was 380,900 bp, with a median size of 320,848 bp. The dis-
tance from MECP2 for the first LCR pair in 43221a/43221b
(K1/K2) is 201,074 bp, while the distance from MECP2 to the
LCR pair 43231a/43231b (L1/L2) is 420,500 bp, which is
99,652 bp larger than the median size of the initial duplication.
It is possible that an unstable replication fork is generated as a
result of BIR within an inverted LCR moving in a reverse direction
(generating the initial duplication).*® The preference for 43221a/
43221b (K1/K2) may represent an ascertainment bias within our
cohort due to the distance the pairs sit from a dosage-sensitive
gene, in this case MECP2. Other inverted pairs on the X chromo-
some are known to mediate the same type of CGRs. For
instance, the inverted LCR pairs Ala/A1b (38209a/38209b),
downstream of the gene PLP1 at Xg22, form DUP-TRP/INV-
DUP structures in PMD. A1a/A1b are 20,349 and 20,353 bp in
size and share 99.27% sequence similarity, with a distance of
60,043-bp apart. Moreover, inverted repetitive elements such

Cell Genomics 4, 100590, July 10, 2024 9




¢? CellPress Cell Genomics

OPEN ACCESS

BAB3114

Array CGH

VizCNV
Read Depth Plots

Short-Read
Genome Sequencing

PacBio HiFi

S | ¥ Y NS N N N O | O T O - i 3
‘ T T P CRISPR-Cas9
E g ——] Targeted ONT
- l—
N
e I il w2 =2’ S =™ I i ail

Optical Genome

F Mapping
42 BedGraph_of_breakpoints_BreakpointConfintSumma lIChe
BreakpointConfIntSumm
Strand-Seq

G Read depth in 10kbp bins

Read depth

A B c’ B A B C Telomere
H — — ——|— — — Resolved Haplotype (1)
entromere

/ \

Jetl Jet2

TAGGGGAAACTTGATATCCACATGCAAARGAATAAAG  Breakpoint
juel GCCACATGCAAAAGAATARAG' .
CCGGGTGCGAGGGAGCATGC Junction Sequence

2.2 kb

3000 6000 9000
pos

Chimeric LCR (K1/K2)

(legend on next page)

10  Cell Genomics 4, 100590, July 10, 2024



Cell Genomics

as Alu with shared nucleotide similarity as low as 85% (e.g.,
AluSg/AluSg, AluSx3/AluSz) have also been identified as media-
tors of the CGR event as seen in 17p13.3.%° However, contrary to
K1/K2, L1/L2 at Xg28, or A1a/A1b at Xq22 responsible for multi-
ple independent events involving those loci, 17p13.3 Alus have
not been reported in more than a single DUP-TRP/INV-DUP
event. In aggregate, these data support a combined role of in-
verted repeat size (>10 kb), shared nucleotide similarity
(>98%), and proximity (<100 kb) in the recurrent formation of
this type of CGR.

The region of uncertainty in which the recombination cross-
over takes place within the first or second LCR in 43221a/
43221b (K1/K2) could be narrowed to 2.2-5.5 kb thanks to the
use of long-read sequencing. The segment defined in four cross-
overs shares 100% sequence similarity between the LCRs K1
and K2, supporting the hypothesis that large stretches of homol-
ogy are optimum substrates for non-allelic recombination. While
this length and sequence similarity is comparable to those that
generate rearrangements through non-allelic homologous
recombination,*®* the recombination formed within the LCR
generate inversions accompanied by CNVs that are further
resolved by a second mechanism (MMBIR or NHEJ), which are
consistent with an unstable BIR event.*®

Recently, new studies have proposed an alternative model for
the origin of DUP-TRP/INV-DUP events. Martin et al. postulate a
process called origin-dependent inverted repeat amplification
(ODIRA) that involves template switching between leading and
lagging strands, where the leading strand at a replication fork
switches to the lagging strand template at short, interrupted in-
verted repeats.“®°° This event then forms an unstable full tripli-
cation with an extrachromosomal intermediate step, which is
further processed to the formation of a DUP-TRP/INV-DUP
structure. While we have investigated numerous individuals
carrying DUP-TRP/INV-DUP affecting diverse genomic loci,
including de novo structures, we have not observed full triplica-
tions with similar features proposed as part of the initial step in
the ODIRA process. Additionally, the inverted repeats we detail
in human genomic disorders (Table S2) are too far apart to
mediate TSs within the same replication fork as proposed in
the ODIRA model. While our data are not definitively conclusive,
they do provide experimental evidence through phasing of SNVs
directly within LCR regions to support that BIR is a driving mech-
anism forming DUP-TRP/INV-DUP events.

In summary, OGM and long-read GS approaches facilitated
phasing and assembly of a clinically relevant recurrent SV struc-
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ture—the DUP-TRP/INV-DUP CGR at Xg28 (Figure 5). Fur-
thermore, this work provides insights into BIR, a molecular
mechanism contributing to the formation of inversion alleles
and CGRs in genomic disorders. The ability to resolve SV haplo-
types and to determine gene structure perturbations will guide
our understanding of neomorphic alleles and gene fusion
formation. Complex structural variation may have pathogenic
consequences, as well as beneficial clinical ramifications®’ and
the potential of driving genome evolution.*?:>%

Untangling complex genomic events including the DUP-TRP/
INV-DUP enables better comprehension of the underlying mo-
lecular basis of Mendelian disease, but it also enlightens the
mechanisms leading to genomic instability and provides insights
into cancer mutagenesis and the evolution of genes and ge-
nomes. Drastic and rapid changes to the genome caused by
complex structural variation such as that observed herein have
the effect of generating changes beyond simple Watson-Crick
single base pair “editing.”®" Through the generation of CGRs,
large portions of the genome are moved, reordered, inverted,
and connected in ways not previously seen, driving new and un-
known possible outcomes and involving previously cryptic
genomic complexities.”> >’ The subsequent gene expression
and clinical effect(s) of such genomic perturbations must be
further investigated.

Limitations of the study

This work has been performed on a disease-specific cohort car-
rying ultra-rare pathogenic SVs and was not extrapolated to
other human populations. The relatively small sample size and
inclusion of individuals with aberrations only occurring on the X
chromosome limit our ability to expand our conclusion to similar
events involving autosomes, which requires additional studies.
Lastly, the technological approaches applied here may have
limited application to investigate nucleotide-level resolution of
breakpoints within inverted pairs of LCRs smaller than ~15 kb.

STARX*METHODS

Detailed methods are provided in the online version of this paper and include
the following:

o KEY RESOURCES TABLE
o RESOURCE AVAILABILITY
o Lead contact
o Materials availability
o Data and code availability

Figure 5. Multipronged approach resolving DUP-TRP/INV-DUP events

Sample BAB3114, including the methodology used to fully resolve the SV haplotype and breakpoint junctions 1 and 2.

(A) aCGH showing a DUP-TRP-DUP structure at Xq28, including the MECP2 gene and LCRs K1 (green arrow) and K2 (purple arrow).

(B) llumina short-read GS showing the read depth for the region as visualized in the VizCNV plotting program.®’

(C) Red arrows denote the regions of copy-number change as seen in the short-read sequencing in the Integrative Genomics Viewer. Of note, soft clipping can be
seen in the regions of unique sequence (left) versus the unmapped reads at the region with K1 and K2 due to sequence similarity of the region.

(D) PacBio HiFi data show the reads that include the breakpoint region (shown as soft clipping) within both junction 1 and junction 2.

E) CRISPR-Cas9-targeted ONT facilitated ultra-long molecule (>500 kb) sequencing to capture the haplotype structure within a single DNA molecule.

F) Bionano OGM shows orientation and connection points of amplified genomic fragments forming junctions 1 and 2 within the structure.

H) Resolved haplotype structure 1 for BAB3114 shows the triplication and initial duplication in an inverted orientation.

(
(
(G) Strand-seq data showing the points of breakpoint (purple peaks) with the inverted genomic sequence between.
(
(

1) Junction 1 shows a heatmap of K1/K2 similarity. The point of fork stall/collapse and strand invasion to the inverted LCR occurs within a 2.2-kb stretch of the LCR
K1/K2 (as shown with the red arrow). Junction 2 can be determined to nucleotide-level resolution and shows a 2-bp microhomology.
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Genomic DNA Extracted from BAB2727

Genomic DNA Extracted from BAB2769

Genomic DNA Extracted from BAB2772

Genomic DNA Extracted from BAB2796

Genomic DNA Extracted from BAB2797
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Baylor College of Medicine/Pacific
Northwest Research Institute
Lupski Lab/Carvalho Lab

Baylor College of Medicine/Pacific
Northwest Research Institute
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Baylor College of Medicine/Pacific
Northwest Research Institute
Lupski Lab/Carvalho Lab

Baylor College of Medicine/Pacific
Northwest Research Institute
Lupski Lab/Carvalho Lab

Baylor College of Medicine/Pacific
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Lupski Lab/Carvalho Lab

Baylor College of Medicine/Pacific
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Lupski Lab/Carvalho Lab

Baylor College of Medicine/Pacific
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Lupski Lab/Carvalho Lab

Baylor College of Medicine/Pacific
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Baylor College of Medicine/Pacific
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Baylor College of Medicine/Pacific
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Baylor College of Medicine/Pacific
Northwest Research Institute
Lupski Lab/Carvalho Lab

Baylor College of Medicine/Pacific
Northwest Research Institute
Lupski Lab/Carvalho Lab

Baylor College of Medicine/Pacific
Northwest Research Institute
Lupski Lab/Carvalho Lab

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Genomic DNA Extracted from BAB14686 Baylor College of Medicine/Pacific N/A
Northwest Research Institute
Lupski Lab/Carvalho Lab

Genomic DNA Extracted from BAB15418 Baylor College of Medicine/Pacific N/A
Northwest Research Institute
Lupski Lab/Carvalho Lab

Genomic DNA Extracted from BAB15428 Baylor College of Medicine/Pacific N/A
Northwest Research Institute
Lupski Lab/Carvalho Lab

Genomic DNA Extracted from BAB15702 Baylor College of Medicine/Pacific N/A
Northwest Research Institute
Lupski Lab/Carvalho Lab

Genomic DNA Extracted from BAB15705 Baylor College of Medicine/Pacific N/A
Northwest Research Institute
Lupski Lab/Carvalho Lab

Genomic DNA Extracted from BAB15740 Baylor College of Medicine/Pacific N/A
Northwest Research Institute
Lupski Lab/Carvalho Lab

Genomic DNA Extracted from BAB15789 Baylor College of Medicine/Pacific N/A
Northwest Research Institute
Lupski Lab/Carvalho Lab

Genomic DNA Extracted from BAB15420 Baylor College of Medicine/Pacific N/A

Northwest Research Institute
Lupski Lab/Carvalho Lab

Deposited Data

Microarray Data

Oxford Nanopore Datasets

This Paper, Carvalho et al.”>'®

This Paper, Smolka and Paulin et al.®”

GEO: GSE49440, GSE49446,
GSE250451

SRA: PRIJNA953021

Short-Read GS This Paper dbGAP: Phs002999.v2.p1

Software and Algorithms

Megalodon N/A https://github.com/nanoporetech/
megalodon

PRINCESS Mahmoud et al.® https://github.com/MeHelmy/princess

Minimap?2 Li et al.®® https://github.com/Ih3/minimap2

Sniffles Sedlazeck et al.®® https:/github.com/fritzsedlazeck/Sniffles

Clair3 Luo et al.®® https://github.com/HKU-BAL/Clair3

VizCNV Du et al.%® https://github.com/BCM-Lupskilab/

VizCNV

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Claudia M.
B. Carvalho, PhD. Email: ccarvalho@pnri.org.

Materials availability

This study did not generate new unique reagents.

Data and code availability

Microarray data generated in previous studies'’ are available through the gene expression omnibus (GEO) under accessions GEO:
GSE49440, GSE49446; new microarray data within this study is available under accession GEO: GSE250451. Oxford nanopore data-
sets are available within SRA BioProject ID SRA: PRINA953021. Samples that had GS and consented for broad data sharing are
available under dbGAP: phs002999.v2.p1. Optical genome mapping data is available upon request to the authors. All original
code is available in this paper’s key resource table.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANTS

Study participants (N = 24) (Table 1) included 23 males and 1 female were consented according to the Institutional Review Board for
Human Subject Research at Baylor College of Medicine approved protocols: H-29697, H-20268, and H-47127/Pacific Northwest
Research Institute WIRB #20202158. Whole blood samples (3-10mL) were collected via peripheral venous blood draw in Ethylene-
diaminetetraacetic acid (EDTA) and Acid Citrate Dextrose (ACD) vacutainer tubes from patients diagnosed with MECP2 Duplication
Syndrome. Ancestry and race demographics were not captured as part of the consenting process. All study participants have con-
sented for publication.

METHOD DETAILS

Array comparative genomic hybridization

To evaluate copy-number changes in chromosomes X and Y, we designed a custom 4 x 180K tiling-path oligonucleotide microarray
spanning the entirety of X and Y, including the MECP2 region on Xq28 (Hg19). The custom 4 x 180K Agilent Technologies microarray
(AMADID #086099) was designed using the Agilent Sure Design Website version 6.9.1.1 (https://earray.chem.agilent.com/
suredesign/) on NCBI Build 37. We selected 143,860 probes interrogating chrX: 1-155,270,560 for a median probe spacing of
797 bp and 23,912 probes covering chrY: 1-59,373,566 for a median probe spacing of 425 bp. Arrays were run according to the man-
ufacturer’s protocol (Agilent Oligonucleotide Array-Based CGH for Genomic DNA Analysis, version 7.2, Agilent Technologies) with
modifications® on probands, mothers, and in select cases, fathers and maternal grandparents (if available) to determine inherited
vs. de novo rearrangements. Arrays were performed on DNA of sex-matched controls from Coriell, NA1550 and NA10851. 1.2 ng
of DNA was digested with the restriction enzymes Alul and Rsal at 37°C for 2 h. Digested DNA was labeled with Cy5 and Cy3 using
the BioPrime Array CGH Genomic Labeling kit at 37°C for 2 h with the labeling efficiency determined afterward using a nanodrop.
Fluorescently labeled sample and sex-matched control DNA were combined with 5 pg of human Cot-1 DNA. The mixture was placed
at 95°C for 5 min with the Agilent 10X blocking agent and 2X Agilent hybridization buffer then incubated at 37°C for 30 min. The
mixture was placed on the appropriate array and placed in a revolving hybridization chamber at 65°C for 40 h. After hybridization
the arrays were washed with Agilent OligopCGH Wash buffers 1 and 2. Slides were scanned using the Agilent SureScan Microarray
Scanner and resulting image processed using the Agilent feature extraction software.

Coordinates for each CNV observed along those chromosomes were annotated using the Agilent Genomic Workbench software.
The genomic context where breakpoint junctions occur were investigated using UCSC Genome Browser GRCh37/hg19 Assembly
(http://genome.ucsc.edu)®’ for information about the presence of repeats, low-copy repeats, and genes or pseudogenes. To identity
inverted and direct repeats that may mediate DUP-TRP/INV-DUP events, we mapped the breakpoints to genome-wide maps of high-
ly-similar intrachromosomal repeats. %2

Short-read genome sequencing

Whole genome sequencing was performed at the Human Genome sequencing center (HGSC) at Baylor College of Medicine.
Following sample QC, libraries were prepared with KAPA Hyper reagents and sequenced using the lllumina Novaseq 6000 to
generate 150 bp paired-end sequence reads for all samples in a format of multiplexed pools to generate an average of 30X coverage.
Post-sequencing data analysis was performed using the HGSC HgV analysis pipeline, which executed base calling, mapping (BWA-
mem) to the reference genome (Hg19), merging, variant calling (xAtlas), post-processing, annotation and QC metric collection for all
sequencing events. To ensure sample identify and integrity the Fluidigm SNPtrace method for rapidly genotyping 96 SNP sites was
employed to verify gender prior to sequencing and to detect contamination. Using this assay sample identity was verified using the
Error Rate In Sequencing (ERIS) software developed at the HGSC. A subset of samples (N = 2) had sequencing performed at the
National Genomics Infrastructure (NGI), in Stockholm, Sweden using an lllumina 30X PCR-free paired-end (PE) approach.®®

Optical genome mapping

Ultra-high molecular weight (UHMW) DNA was isolated from frozen EDTA blood or cryopreserved cells following manufacturer in-
structions (documents 30246 rev F, 30268 rev D). In short, the frozen samples were first thawed in a 37°C water bath. Then blood
and cell samples were counted using a either a HemoCue WBC System (HemoCue AB) or hemocytometer, respectively. A volume
containing 1.5 million cells was pelleted via centrifugation at 2,200x g for 5 min. The pellets were resuspended in a DNA stabilization
buffer and treated with proteinase K in lysis and binding buffer. Cryopreserved cell samples were also treated with RNAse A at this
step. After proteinase K digestion, samples were treated with PMSF, bound to a nanobind disk, washed, and eluted. DNA extracts
were homogenized via end-over-end rotation and incubated at room temperature overnight before fluorescent labeling.

For each sample, 750 ng of DNA was labeled at the recognition site CTTAAG using Direct Labeling Enzyme 1 (DLE-1) and counter-
stained following manufacturer instructions (document 30206 Rev F). Labeled DNA was imaged on a Saphyr Gen2 platform, collect-
ing 400X-1500X effective coverage for each dataset. De novo assembly and structural variant calling was performed using Solve
version 3.7 as described by the Bionano Solve Theory of Operation: Structural Variant Calling (Document 30110 Rev J). To reduce
the computation time for de novo assemblies, each dataset was down-sampled to 250X effective coverage by filtering for the longest
molecules of each dataset.
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Structural variants (SV) were called against the human reference genome Hg19. Using the Variant Annotation Pipeline, SV calls
were annotated and compared to the Bionano control sample database, which contains >600,000 SV calls from >150 phenotypically
normal individuals from >26 populations. See the Bionano Solve Theory of Operation: Variant Annotation Pipeline (document 30190
revision H) for more details. The raw molecules contained in each contig present in the OGM data were interrogated to identify mol-
ecules that contained both breakpoint junctions in cis. The pattern of sequence moitifs for the region allowed for interpretation of each
genomic fragment in context of the larger structure to identify the haplotype differences for each individual.

Pacific Biosciences (PacBio HiFi)
Whole genome sequencing was performed at the HGSC at Baylor College of Medicine using long reads from the Pacific Biosciences
sequencing platform. After DNA quality was assessed using Qubit and pulsed-field gel electrophoresis (PFGE), 15ug genomic DNA
was used to construct a library using the SMRTbell Express Template Preparation Kit 2.0 with an average fragment length of 15 kb.
Using the PacBio Sequel Il instrument, two SMRTcells were sequenced per library for an average of 43Gb of HiFi reads per sample
with an average coverage of 15-20x.

Oxford Nanopore (Promethion)

Long read whole genome sequencing data was also generated using the Oxford Nanopore Technologies sequencing platform. After
DNA quality was assessed using Qubit and pulsed-field gel electrophoresis (PFGE), A library was constructed with 15ug input
genomic DNA using the SQK-LSK110 ligation sequencing kit with an average fragment length of 15Kb. Using the Oxford Nanopore
Technologies Promethion instrument, one flowcell was sequenced per library with an average yield of 90Gb per sample. Basecalling
was performed using Guppy version 4.3.4+ecb2805 and methylation analysis with Megalodon version 2.3.1 [https://github.com/
nanoporetech/megalodon] using the default parameters of the program.

Additional data processing and analysis of long read sequencing data

Using PRINCESS version 2.0 , a workflow for long read sequence analysis, reads were aligned to GRCh37 and phased variant calls
were generated for SVs and SNVs. Briefly, PRINCESS will start by aligning reads using the appropriate parameters based on the type
of sequencing technology using Minimap2 version 2.24%° followed by calling SVs using Sniffles version 2.0.5°%%” and will identify
SNVs and indels using Clair3 version 0.1.11.°® Finally, PacBio HiFi data was processed using the same methods using
PRINCESS with the read-option set to CCS (-ReadType ccs). For SVs from both sequencing platforms, variants were filtered based
on read support to require a maximum ~25k SVs per sample.

Additionally, to determine reads that contained a PSV within either LCRs K1 and K2, reads were manually inspected within IGV to
determine reads that were “ancestral” that is reads that started within unique sequence, spanned the LCR and ended within unique
sequence within the LCR and were not part of the chimeric K1/K2 junction. These reads were then extracted and aligned in the Gene-
ious software suite to the corresponding reference position in Hg19. We then determined reads that were part of the chimeric junction
my visualizing reads that started within unique sequence outside of the LCR (and were thus “anchored”) in unique sequence and
showed soft-clipping as they exited each LCR indicating that read spanned the breakpoint junction sequence. That read was
then extracted and aligned to the “ancestorial read” in Geneious to determine PSVs that were present in either K1 or K2 to determine
the relative point of template switch forming junction 1.

Nanopore Cas9 enrichment and sequencing for BH14245 family

Patient derived immortalized lymphoblastoid cell lines were cultured in RPMI-1640 media (ATCC) supplemented with 10% FBS
(ATCC) and 1% penicillin/streptomycin/amphotericin B (Thermo Fisher). Cells were maintained at 37°C in 5% CO,. Genomic DNA
Extraction and Purification: Genomic DNA was extracted from 5 M cells using the Gentra Puregene Cell Kit (Qiagen) following the
manufacturer’s instructions. Extracted DNA was further purified by isopropanol precipitation. For Adaptive Sampling experiments,
DNA was sheared to approximately 20 kb using g-tube (Covaris). Ultra-high molecular weight (UHMW) DNA was purified using the
Nanobind CBB Big DNA Kit (Circulomics) following the manufacturer’s instructions, eluted into 150 uL Circulomics EB containing
0.02% Triton X-100, and equilibrated overnight at room temperature. DNA was quantified using the Qubit fluorometer (Thermo
Fisher). Adaptive Sampling: DNA was prepared for sequencing using the Ligation Sequencing Kit (Oxford Nanopore Technologies,
catalog no. SQK-L.SK109) and sequenced using the GridION sequencer (ONT) with readfish’ integration (minKNOW 20.10.6) or using
MinKNOW Adaptive Sampling® (minKNOW 19.16.6, guppy 3.4.5) with a target region of interest defined as chrX:141,000,000-
156,000,000 in the GRCh38 reference. Cas9 Sequencing: Guide RNAs were designed and ordered using the Custom Alt-R
CRISPR-Cas9 guide RNA design tool (Integrated DNA Technologies) with a 1 kb reference input fasta target region from the human
GRCh38 genome. Cas9 sequencing libraries were prepared using the Cas9 Sequencing Kit (Oxford Nanopore Technologies, catalog
no. SQK-CS9109) with modifications as described.® Ultra-high molecular weight (UHMW) Cas9 sequencing libraries were prepared
with the following additional modifications: adapter-ligated libraries were purified via Nanobind disk (Circulomics) with precipitation in
NAF10 buffer (Circulomics); Nanobind disks were washed three times with magnetic separation in Long Fragment Buffer (Oxford
Nanopore Technologies, catalog no. LFBY); final elutions were carried out at room temperature overnight with 60 pL or 120 pL Elution
Buffer for MinlON or PromethlON libraries, respectively. Samples were sequenced using the MinlON, GridION, or PromethlON
sequencer (Oxford Nanopore Technologies) using R9.4.1 flow cells. Final libraries were combined with 30 uL or 120 pL of Sequencing
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Buffer for MinlON or PromethlON flow cells, respectively, and equilibrated for 30 min at room temperature prior to loading with a
wide-bore pipette tip. Flow cells were flushed and reloaded as needed using the Flow Cell Wash Kit (Oxford Nanopore Technologies,
catalog no. EXP-WSHO004). Analysis: Due to each genome in this family containing a different mecp2 locus with different expected
ploidy, each genome was examined using a different method. Adaptive Sampling reads for BAB3121 (flowcell: FAO74863) were
aligned to GRCh38 with minimap2 (version 2.17), and SNVs were detected using the medaka_variant wrapper (version 1.0.3).
Cas9 targeted reads for BAB3121 (flow cell: FAN49258) were analyzed using an identical workflow. BAB3114 was sequenced using
either a pair of Cas9 targets that flank the region of interest (flowcell: PAG08429) or a single Cas9 target next to the region of interest
(flowcell: FAO31820). Flanking target Cas9 reads were aligned with minimap2, and SNVs were detected with medaka using me-
daka’s default diploid method. Single-target Cas9 reads (flowcell: FAO31820) were aligned with minimap2 and then inspected manu-
ally for ultra-long reads.

BAB3115 was sequenced using two separate single-target Cas9 guide RNAs (flowcells: FAN40573 and PAG08038) in order to
preferentially enrich for either the two original copies of FLNA, or the additional copy created in the rearrangement, which we call
FLNA’. Reads for the two original FLNA copies were enriched by targeting five Cas9 guide RNAs to the RPL10 gene, which is only
found adjacent to these two copies of FLNA. Reads were aligned with minimap2, and SNVs were called using medaka_variant. To
enrich for FLNA’ reads, three Cas9 guide RNAs targeting TKTL-1 were used, which flanks FLNA’ on both sides but is only on one
side of the original FLNA gene copies. Reads were filtered to include reads producing either primary alignments or any supple-
mentary alignments ending within 50 bp of the telomeric end of the FLNA flanking repeat (chrX:154,384,868-154,396,222 in
GRCh38). All alignments from these reads were then subjected to variant calling with medaka before final analysis validation
was performed.

Oxford Nanopore (Minion)

In house nanopore sequencing used a minion R.10.4.1 flow cell, with the V14 ligation sequencing kit (LSK114) following the manu-
facturer’s directions with modifications. DNA was sheared to an N50 of 10 kb using a g-tube (Covaris), 2 ng of DNA was sheared by
centrifugation at 5500 rpm in an Eppendorf 5424r centrifuge two times for 1 min each. Shearing was confirmed by visualization on a
1% agarose gel. DNA ends were repaired using the NEBNext® Companion Module for Oxford Nanopore Technologies® Ligation
Sequencing (NEB cat# E7180S) following the manufactures directions. DNA was purified by AMPure magnetic beads. Sequencing
adapters ligation was carried out using NEB Quick Ligase (NEB cat #7180S) and Oxford Nanopore's ligation buffer. Following puri-
fication with AMPure magnetic beads. Fifteen femtomoles of library were loaded onto the R.10.4.1 flow cell following priming. Post
run base calling used guppy 6.0.1. Reads were mapped with minimap?2 to the hg19 reference genome.

Read-depth and B-allele frequency analysis of short-read GS via VizCNV platform

The depth of sequencing coverage was computed using mosdepth (version 0.3.4)°° and subsequently visualized using our custom
visualization tool, VizCNV (https://github.com/BCM-Lupskilab/VizCNV).?° This tool enables the plotting of normalized read depth for
the individuals’ sequencing data, which facilitates manual assessment of CNVs exceeding 3 kilobases in size as well as the deter-
mination of B-allele frequency for a given genomic range. Analysis of B-allele frequency was performed on cases with available
parental samples to determine if the CGR was formed from an intrachromosomal or interchromosomal event. An intrachromosomal
event would have an expected B-allele frequency within a specified copy-number gain of 0 and 1 since there are no other contribu-
tions of a specified SNP position involved. Alternatively, in an interchromosomal event involving two X chromosomes, the expected
B-allele frequency within a duplication and hemizygous triplication would be: 0, 0.33, 0.66, 1. An interchromosomal event for a trip-
lication in a female would be 0, 0.25, 0.5, 0.75, 1.28:2°

Strand-Seq

Strand-Seq data generation and data processing

Strand-Seq data were generated at the European Molecular Biology Laboratory using a modification of the OP-Strand-Seq library
preparation protocol.”® Briefly, lymphoblastoid cell lines derived from two patients (BAB3114, BAB14547) were first cultured in
RPMI media and subjected to 40uM BrdU treatment for 18h and 24h. The cells were then lysed to release the nuclei and nuclei
were digested with RNase and MNase as described in the original protocol. Cells were fixed with formaldehyde, and the crosslinked
nuclei were stained with Hoechst to reveal the population of cells that had incorporated BrdU for a single cell division. The population
of once-divided cell nuclei was used to sort single nuclei into 96 well plates using fluorescence-activated cell sorting (FACS). The
individual nuclei were processed to produce a sequencing library using a robotic liquid handler. In brief, nuclei were first de-cross-
linked, protease-digested, fragmented DNA ends “polished” and lllumina adapters ligated as described in the original OP protocol
with the necessary volumetric adjustments according to the starting volume. A necessary deviation from the protocol in our hands
was to introduce a bead-based clean up after adapter ligation to remove adapter dimers prior to PCR amplification. This clean up was
done at a 0.8x bead: DNA ratio. The adapter dimer free DNA was then exposed to Hoechst and UV light to ablate the BrdU-
substituted strands. Finally, the libraries were PCR amplified for 15x cycles and simultaneously barcoded using a dual indexing strat-
egy with iTru adapters. Amplified libraries were again subjected to a bead-based clean up at a 0.8x bead ratio and pooled for size
selection. Final, size-selected libraries were subjected to deep sequencing on the lllumina NextSeq500 platform (MID-mode, 75 bp
paired-end protocol). The resulting raw read files were aligned to the GRCh38 reference assembly (GCA_000001405.15) using BWA
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aligner (version 0.7.17). Low-quality libraries were automatically flagged using ASHLEYS (version 1.0),”" resulting in 41/96 (43%) and
52/96 (54%) viable, high-quality single-cell libraries for BAB14547 and BAB3114, respectively.

Strand-Seq data analysis

To detect SV breakpoint candidates, we initially flagged genomic regions which displayed a switch in read directionality, suggestive
of inversion- or inverted duplication breakpoints, using the breakpointR tool (version 0.99.0) with default settings.”? Using this pro-
cedure, we generated breakpoint estimates from each individual cell, with confidence intervals between 10 kb (default minimum res-
olution) and >100 kb for poorly covered regions. Under the assumption of clonality, we merged breakpoint estimates of cells from the
same sample and extracted ‘peak’ regions in which at least 75% of cells predicted a breakpoint, yielding high-confidence consensus
breakpoint regions of typically 10 kb size. Genotypes for all regions were subsequently obtained using the ArbiGent tool,”® which
estimates regional genotypes based on a directionality-specific read depth model and integrates this information across cells. Lastly,
to confirm the obtained breakpoints and genotypes over long-range haplotype stretches visually, we generated a pseudo-bulk data
track for each sample, which is conceptually similar to Strand-Seq based ‘composite files’ described previously.”* In these tracks, we
combined the reads from all cells and synchronised their read directionality in a way that ‘reference’ and ‘inverse’ orientation are en-
coded by reads mapping on the ‘W’ and ‘C’ strands, respectively. All previously obtained breakpoint regions and genotypes could be
confirmed after visualising this pseudo-bulk track in the UCSC browser.

e6  Cell Genomics 4, 100590, July 10, 2024



Cell Genomics, Volume 4

Supplemental information

Inverted triplications formed by iterative
template switches generate structural variant

diversity at genomic disorder loci

Christopher M. Grochowski, Jesse D. Bengtsson, Haowei Du, Mira Gandhi, Ming Yin
Lun, Michele G. Mehaffey, KyungHee Park, Wolfram Hops, Eva Benito, Patrick
Hasenfeld, Jan O. Korbel, Medhat Mahmoud, Luis F. Paulin, Shalini N. Jhangiani, James
Paul Hwang, Sravya V. Bhamidipati, Donna M. Muzny, Jawid M. Fatih, Richard A.
Gibbs, Matthew Pendleton, Eoghan Harrington, Sissel Juul, Anna Lindstrand, Fritz J.
Sedlazeck, Davut Pehlivan, James R. Lupski, and Claudia M.B. Carvalho



BAB14604

X: 152811082 154158008, 1.34 M

Array CGH

BAB15428 BAB12566

BAB2769

Figure S1: Four pairs of inverted LCRs generating DUP-TRP/INV-DUP events,
related to Figure 1. (43202a/43202a; 43221a/43221b (K1/K2); 43231a/43231b
(L1/L2)) shown within the MECP2 locus with the fourth pair being located at
Xg22.1 (37696a/ 37696b). The corresponding location in the UCSC genome
browser is shown.



A) —

B) o) TR T T ChrX

A B
P d o —
-~ U i S
— DMD Gene -
3’ UTR <« 5 UTR
Ve =~ -~
7 ~ -~ -
// ~o -
— -~ -
Exons Exon Exons
60-52 51 50-45

Exons Exon Exons Exon Exons Exon Exons
60-52 51 50-45 51 60-52 51 50-45

B

Gene Interruption

— <
C) | |
i - i i Y et
lr— -------------- -_- ----------------

Gene Fusion

Figure S2: Possible pathogenic effects of a DUP-TRP/INV-DUP event, related to
Figure 1. Events include gene dosage (A) gene interruption (B) as characterized by
a disruption within the DMD gene 24 or gene fusion (C) events.



BH16610

BAB15741

BABI5740

BH16609

BAB15704

BABI15702

BH15701

BAB14605

BAB14604

BH15700

BAB14548

.

BAB14547

BH16301*

-

BAB15428

BH16610-1

BAB14604

BAB14547

BH16301-1

*Parental samples not available - inheritance unknown

BH14245

AB3115

.

BAB3114

BH15645

BAB14394 | BAB14393

.

BAB14392

BH15640

AB14687

=

BAB14686

BH16611

BABI15707| BABI5706

.

BAB15705

BH13842

BAB14238 | BABI2567

g

BABI12566

BH14245-1 g 4

BH15645-1

BH15640-1

BHIGOTT-T

| ey -

s e YT

i

e die kb "l
iR t{!i 4 ’“H;u /Mm i

§o iy

Figure S3: VizCNV plots, Related to Table 1. Showing each of the 10
individuals where short-read WGS was performed showing both the Log2 ratio
as well as the B-allele frequency.



BABNumber Duplication Start Duplication End DUP1 Size Triplication Start Triplication End TRP Size Duplication Start Duplication End DUP2 Size Total Size

BAB15789 152934679 153473892 539213 153505538 153562778 57240 153562880 153623000 60120 688321
BAB15740 153206000 153504574 298574 153505538 153576037 70499 153576037 153623000 46963 417000
BAB15705 152191064 153420198 1229134 153505485 153565901 60416 153576037 153623000 46963 1431936
BAB15702 153190100 153504574 314474 153505538 153576037 70499 153576037 153623000 46963 432900
BAB15428 152922014 153751734 829720 153752634 153783184 30550 153820217 153836222 16005 914208
BAB15420 153000860 153352116 351256 153352787 153564086 211299 153576037 153623000 46963 622140
BAB15418 153055212 153504574 449362 153523215 153576037 52822 153576037 153623000 46963 567788
BAB14686 152754991 153420198 665207 153505538 153576037 70499 153576037 153623000 46963 868009
BAB14604 153189231 153504574 315343 153505538 153565901 60363 153576037 153623000 46963 433769
BAB14547 153130888 153504574 373686 153505538 153576037 70499 153576037 153623000 46963 492112
BAB14392 153180328 153723986 543658 153723986 153783184 59198 153783184 153877318 94134 696990
BAB12566 94346142 94393007 46865 94395899 101440936 7045037 101452290 101745566 293276 7399424
BAB3274 153183739 153504574 320835 153505538 153576037 70499 153576037 153623000 46963 439261
BAB3255 153074186 153374088 299902 153505538 153576037 70499 153576037 153623000 46963 548814
BAB3216 152930997 153246726 315729 153246726 153254972 8246 153254972 153505637 250665 574640
BAB3147 152850937 153353716 502779 153353716 153576037 222321 153576037 153623000 46963 772063
BAB3114 153027282 153097982 70700 153097982 153576037 478055 153576037 153623000 46963 595718
BAB2805 153015998 153108170 92172 153108170 153576037 467867 153576037 153623000 46963 607002
BAB2801 152976275 153286528 310253 152938984 153576037 637053 153576037 153623000 46963 646725
BAB2797 153027282 153045830 18548 153045830 153576037 530207 153576037 153623000 46963 595718
BAB2796 153116401 153390414 274013 153390414 153576037 185623 153576037 153623000 46963 506599
BAB2772 153167337 153504574 337237 153505538 153576037 70499 153576037 153623000 46963 455663
BAB2769 152763385 153084246 320861 153084246 153276174 191928 152929368 153504559 575191 741174
BAB2727 153183448 153505538 322090 153505538 153576037 70499 153576037 153623000 46963 439552

Table S1: Genomic location and size of each genomic fragment in the DUP-TRP/INV-DUP structure for each individual within the cohort, related to Table 1.
All coordinates are based on array positions in Hg19 genome reference.



Inverted Repeat (IR) Pair Location IR1 (Hg19)

Size IR1 (bp)

Location IR2 (Hg19)

Size IR2 (bp) Similarity Distance (bp)

43202a/43202b chrX:152762349-152763274
43221a/43221b (K1/K2) chrX:153564261-153575715
43231a/43231b(L1/L2) chrX:153783687-153819654
37696a/37696b chrX:101452532-101593093

926
11455
35968

140562

chrX:153081083-153081999
chrX:153613144-153624589
chrX:153841277-153877244
chrX:101603859-101744479

917
11446
35968

140621

98.12
99.23
99.92
99.89

317810
37614
21624
10767

Table S2: LCR summary table including the genomic location (Hg19) as well as nucleotide size (bp), distance between the inverted
pair and similarity score (%) each of the 4 pairs identified in this cohort, related to Figure 1



Patient Identifier Internal Identifier ArrayCGH Short-Read WGS Oxford Nanopore HiFi Sequencing Optical Genome Mapping Strand-Seq

BAB15740 BH16610_1 X X N/A N/A X N/A
BAB15705 BH16611_1 X X N/A N/A X N/A
BAB15702 BH16609_1 X X N/A N/A X N/A
BAB15789 N/A X N/A X N/A X N/A
BAB15428 BH16301_1 X X N/A N/A X N/A
BAB15418 BH16300_1 X N/A N/A X X N/A
BAB15421* BH16299_2 X N/A N/A X X N/A
BAB12566 BH13842_1 X X X X X N/A
BAB14686 BH15640_1 X X N/A X X N/A
BAB14604 BH15701_1 X X X X X N/A
BAB14547 BH15700_1 X X X X X X
BAB14392 BH15645_1 X X N/A X N/A N/A
BAB3274 BH16112_1 X N/A X X X N/A
BAB3255 BH16108_1 X N/A N/A X X N/A
BAB3216 N/A X N/A N/A N/A N/A N/A
BAB3147 BH16111_1 X N/A N/A X X N/A
BAB2805 N/A X N/A N/A N/A N/A N/A
BAB2801 BH15649_1 X N/A N/A X X N/A
BAB2797 N/A X N/A N/A N/A N/A N/A
BAB2796 BH16110_1 X N/A N/A X X N/A
BAB3114 BH14245_1 X X X X X X
BAB2772 N/A X N/A N/A N/A X N/A
BAB2769 N/A X N/A N/A N/A X N/A
BAB2727 BH16106_1 X N/A N/A X N/A N/A

Table S3: Sequencing methodology that was performed on each sample within this cohort, related to Table 1



Data S1: ArrayCGH showing the MECP2 critical region, nucleotide-level resolution of junction 2 as well as
resolved haplotype and OGM data for the region (where applicable) for each sample, related to Table 1.
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Breakpoint Junction 2:
TRPp (-) TCTCTTG- -CCTCAGC
jct2 BAB2796/BAB2980 TCTCTTGAATTATAAC A B C
DUPp (+) CIANITICTTITATARC R 0T T 1t bt 111111111011 0 0 0

A B C B A
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X: 152465914-153498303, 1.03 Mb
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Is2ame Is2smm j_— Is2sme Issame - 1524
Breakpoint Junction 2:
TRPp () GCACAGGGCAGGATG
jct2 BAB2797 GCACAGGATGTTTTT
DUPp (+) AAATCCATTGTTTTT

Haplotype Structure: Not Available

Adapted from Carvalho et al. 5



X: 152385586.153417975, 1.03 Mb sostterpict ¥ 4| D]

BAB2801

T
152.3Mb 152.5Mb

T
152.7 Mb 152.9 Mb 153.0Mb 153.2Mb 153.4

Breakpoint Junction 2:

chrX:152955637 (+)

Junction 2
chrX:153198729 (-)

chrX:153198702
Haplotype Structure 4
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Junction 1 Junction 2

K1 K2
A B C B’ A B C Telomere
—_— > — —| — — — —
Centromere

chrX:152955672

TACTGTAGCCCCTCTTCAACACACTCAACCCACCCCCTCAAGACTCCACCTGGGGCCTGAGTCAGTGGCC
ATAGTTTCACTGTGTTCCACGCATTCATCCCTCCCCCTCAAGACTCCACCTGGGGCCTGAGTCAGTGGCC
ATAGTTTCACTGTGTTCCACGCATTCATCCCTCCCTCTCCTTAACCCGTGGCAACCACTGATTTTTTACT
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X: 152205046-153395046, 1.1 Mb

BAB28(0Q5 &=

t t
153.0 Mb 153.2 Mb

Breakpoint Junction 2:

TRPp (~) AACAGACAAAAAAAGGCCGGGC
jct2 BAB2805 AACAGACAAAAAAAGATG-AAA

DUPD (4) ATAAAATAAAAAAATATGGAAA

Haplotype Structure: Not Available

Adapted from Carvalho et al. 3



BAB3114

I T T T T 1
1523 M0 152.5 M 152.7 M> 1529 Mb 153.1 Mb 1533 Mb 1535

Breakpoint Junction 2:
chrX:153024486

chrx:153024456 (+) AACAAATGGTATAGGGGAAACTTGATATCCACATGCAAAAGAATAAAGTTGGAGGCTGGGCATGGTG
Junction 2 CCATCCCCCGCTGCCCTTTTTCTCCTGGCCACATGCAAAAGAATAAAGTTGGAGGCTGGGCATGGTG
chrx:153096011 (-) CCATCCCCCGCTGCCCTTTTTCTCCTGGCCGGGTGCGAGGGAGCATGCCCGCGCCTGGCCTCGGCCA

chrX:153095984
Haplotype Structure 1 rsersmncmssszessssmen  oessiopofEog s
K/ T e B i i

Junction 1 K1 Junction 2 K1 K2 .

Cen A B c B oA | B > c 4 Tel -

Adapted from Carvalho et al. 3



X: 152374802-153407192, 1.03 Mb.
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BAB3147/

Breakpoint Junction 2:

I T T
152.3 Mb 152.5Mb 152.7 Mb 152.8 Mb 153.0Mb 153.2Mb

chrX:152850819

chrX:152850786 (+) GTTAGGTTCCAGAAGAAATATAGGCACGGAGGCTGTTTCTGGCTTGCAATTCTGTCACCTCAGAGT
Junction 2 AGGTATAGCCCACTTAGTCAGTTGTGTCTAAGCTGTTTCTGGCTTGCAATTCTGTCACCTCAGAGT

chrX:153353826 (-) AGGTATAGCCCACTTAGTCAGTTGTGTCTAAGCCACTTGATGAACCAGTCAATCCAGTCTTCACCT

chrX:153353796

Haplotype Structure 6:
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E | X: 152362378-153394767, 1.03 Mb. SoatterPlot ¥ 4 ! >
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Breakpoint Junction 2:

R2_intron_TMEM187(-) CTTTTTTTTTTTTTTTGAGACGGAGTCTCACTCTGTTGCCCAGGCTAGAGTGCAGTGGC

BAB3216 C-TTTTTTTTTTTTTTGAGACCGATGACTTCTGGCCTCCTT TGGATGATTGGTGGGCA
Intergenic (+) TTACTCGTTCTTAGGACAGACCGATGACTTCTGGCCTCCTTACACACTGGACCAGCAAC
- < cis =
CTT TGG
2R1_intergenic (+) ACCAGCAGCTTCTCCCCATAGGCTTGAAAGGGCTCGCTCET@ATGATTGGTGGGCA

Haplotype Structure: Not Available

Adapted from Carvalho et al. V7



B2 X: 152522711-153565101, 1.03 Mb seaterpit ¥ | (4] D]
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Breakpoint Junction 2:
chrX:153073620

chrX:153073584 (+) CTCCCTCGGCCCTGGGGGTAGATACAACGGGGCGCCTGCTGGAGCCCGGCCCAAGGCTAGAGGCCTGGAGGTTT

Junction 2 TAAATTTCAACACGAGTTTTGGGGGGGACATGTACCTGCTGGAGCCCGGCCCAAGGCTAGAGGCCTGGAGGTTT
chrX:153433884 (-) TAAATTTCAACACGAGTTTTGGGGGGGACATGTACCCCATAGCAGTATGCTTAACTTTTTAAGAAAGAGGAAGG

chrX:153433851
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X: 152575719-153608109, 1.03 Mb
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BAB3274/BAB3275 GCAGTGAGTCA== === === CACAA~ ===~ CAAAACAAAGAATACAGACATTTTCA
~

R1_intron_ARHGAP4 (+) GCCCTGTTTCMACMMQCMCMECMCMAGMTACAGACATTTTCA
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BAB12566 |

I T T T T T 1
93.51 Mb 95.00 Mb 96.49 Mb 97.97 Mb 99.46 Mb 1009 Mo 102.4

Breakpoint Junction 2:

chrX:94345302

chrX:94345271 (+) AGAGAATTAAGGACAAAAACTGTATGATAATTTCAATTAATGCTGAACAAACATTTAATAGAATTCAGCTTC
Junction 2 ATATTATCTATAGATAATAGATATTATCTATTTCAATTAATGCTGAACAAACATTTAATAGAATTCAGCTTC
Chrx:94394842 (-) ATAATATAGATAACAGATATTATCTATCTATATATAATATAGATAACAGATATTATCTATCTATATATAATA

Chrx:94394748

Haplotype Structure 1:
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BAB14392

Breakpoint Junction 2:

chrX:153180047
chrX:153180013 (+) CGGTGGCATGCGCCTGTAGTCCCAGCTACTTGGGAGGCTGAGGCAGGGGAATCGCTTGAACCCGGGAGGCGGA

Junction 2 CACCTCACCTGGCCTCTTTATTTATCAAATACTGAGGCTGAGGCAGGGGAATCGCTTGAACCCGGGAGGCGGA
chrX:153722563 (-) CACCTCACCTGGCCTCTTTATTTATCAAATACTGTTTCTGGGCCAGGCACGGTGGCTTATGCCTGTAATCCCA
chrX:153722603

Haplotype Structure: Not Available



BAB14547/
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152.99 Mb 153.11 Mb 153.24 Mb 153.36 Mb 153.49 Mb 153.61 Mb 153.7¢

Breakpoint Junction 2:

chrX:153131087
chrxX:153131049 (+) TCAACCCAAGTCTTCCAGGAGAGCGGCTGGCAGGTGGCAAAGCCCCCTCACCATCCTGTCGCTTTACCTCAGTGATCA
Junction 2 CTCACTGCAACCTCTTGGGTTCAAGCGATTCTCTTGCCAAAGCCCCCTCACCATCCTGTCGCTTTACCTCAGTGATCA
chrX:153445956 (-) CTCACTGCAACCTCTTGGGTTCAAGCGATTCTCTTGCCTCAGCCTCCCGAGTAGCTGGGATTACAGGCGCCCACCACA
chrX:153445920

Haplotype Structure 3:
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BAB14604
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Breakpoint Junction 2:

chrX:153188686
chrx:152841838 (+) CCAGGTGGCAGCTACTGTGCTAGTCCAGGCAAAAGACGGCAGGATTCAGACAAGCAGCAGCGAGGGAGGA
Junction 2 AGGGAGCGCCCTCTCAGAACCCCTCCTTAGACCTGACGGCAGGATTCAGACCAGCAGCAGCGAGGGAGGA
chrX:153078714 (-) AGGGAGCGCCCTCTCAGAACCCCTCCTTAGACCTGGCTTCCCTCTCCTCACTTTTCCATTCCCATAGCGC

chrX:153499735

—
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BAB14686

t t t
152.3Mb 1526 Mb 152.9Mb 153.2Mb 153.5Mb 153.7 Mb 154.0

Breakpoint Junction 2:

chrX:152754451
chrX:152754420(+) CCTTCCCAACTGGGGAGGCAGGGGACTCGCACTTGGGAAATGTACCTGCGGGCTCTTGGGGTCGTCACCTGGC
Junction 2 GCAGAGCTGGAAGAAGCCAAGAGGTTCCACACTTGGGAAATGTACCTGCGGGCTCTTGGGGTCGTCACCTGGC

chrX:153441231 (-) GCAGAGCTGGAAGAAGCCAAGAGGTTCCACATCAGCCTCCAGGAGTCCTATCACAGCCTAAAGGAGAGGTCTC
ChrX:153441203

Haplotype Structure 2: R et e
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BAB15418

Breakpoint Junction 2:

chrX:153054923
chrX:153054892 (+) GGGAGGCTGAGGCAGGAGAATCGCTTGAAACTGGAAGGCAGAGGTTGCACTGAGCCGAGATCACACCGC
Junction 2 CTGCCTCAGCCTCTCGAGTATCTGGGACTACTGGAAGGCAGAGGTTGCACTGAGCCGAGATCACACCGC
chrX:153413610 (-) CTGCCTCAGCCTCTCGAGTATCTGGGACTACAAGCCGTGCATTACCACAATGGCAATTTTTTTTATTTC
chrX:153413582

Haplotype Structure 4:
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BAB15428

Breakpoint Junction 2:

Within Alu Repetitive Elements
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BAB15/02
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Breakpoint Junction 2:

ChrX:153187761
chrx:153187715(+) GATCACAGTGCTGCTCAGGGCAAGCCTGCAGCGATCTCGCAGTCTCAGTGGCTGGGGAAGCCTGCCCTCAGGCCCCAGGGGAAAGG

Junction 2 CAATCTCACTCTTGTCAGTCAGGCTGGAGTGCAGTGGCGCAGTCTCAGTGGCTGGGGAAGCCTGCCCTCAGGCCCCAGGGGAAAGG

chrX:153446662(-) CAATCTCACTCTTGTCAGTCAGGCTGGAGTGCAGTGGCGCAGTCTCGGCTCACTGCAACCTCCGTCTCCCCGGCTCAAGCAATTCT
ChrX:153446626

Haplotype Structure 6:
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BAB15/05

X: 151213005-154450247, 3.24 Mb soaariot v 4] b
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Breakpoint Junction 2:

ChrX:152190650
chrx:152190603 (+) ACACAATCTTCGTCAAAATTTAAAGGTGTGGGAGGCTGAGGCAGGAGAATGGCGTGAACCCGGGAGGCGGAGCTTGCA
Junction 2 GTGGCACATGCCTGTAGTCCCTGCTACATGGGAGGCTGAGACAGGAGAATGGCGTGAACCCGGGAGGCGGAGCTTGCA
chrX:153431409 (-) GTGGCACATGCCTGTAGTCCCTGCTACATGGGAGGCTGAGACAGGAGGATCGCTTGAGCCCGAGAGTTTTATGTTGCA
ChrX:153468511
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Breakpoint Junction 2:

Haplotype Structure 2:
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ChrX:153205884

ChrX:153205843 (+) CCTGTAGATTCTTGAATAGACACCAGGGCCCCAGACGAATGGCATATATGTCTGAGCATCAGCGTTTCGCCAGCTCCCTGG
Junction 2 TTGTTTACTGACATCTGAAGAGACTCTTCAAGAATGCACTGGCATATATGTCTGAGCATCAGCGTTTCGCCAGCTCCCTGG
ChrX:153428346 (-) TTGTTTACTGACATCTGAAGAGACTCTTCAAGAATGCACTGAAGAATATCTTCATGTATCTTTACCAATACATTGATGAAG

ChrX:153428308
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X: 152590778-154734603, 2.14 Mb

153623000

)
B/ \ B 1 5 ; 8 9 153473892-153505538 153562778

Breakpoint Junction 2:

ChrX:152934497 (+)
Chrx:152934457 (+) GTTGGTGGGGCTGGGGCCACTCAGACCAGAGGACAGGCCACGGCTCTCCACTTCAGAAGCCACCGCCAAGCTGCCACTG
Junction 2 TTCCAGCCCTGAGTGGAGCACAGCCTGCCCCAGGCAGACACGGCTCTCCACTTCAGAAGCCACCGCCAAGCTGCCACTG
Chrx:153421664 (-) TTCCAGCCCTGAGTGGAGCACAGCCGGCCCCAGGCAGACATGGCTGCCTCAGGCTGGCCCTGGGGGAGTTCTAGAATTG

ChrX:153421627 (-)
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Data S2: Structural variant haplotype possibilities within a DUP-TRP/INV-DUP event
during and interchromosomal and intrachromosomal template switch between
inverted LCRs, related to Figure 2.



K1 Collapse , K2’ Homology

1 AI BI CI
— > —_— — Tel
K1’ K2’
Cen
A|B C
—_— — — Tel
Start here
K1 K2

K1 Collapse , K2’ Homology

K2
3 K2 Collapse , K1’ Homology
C———
A B (o4
I—* —_— —_— — Tel

K1’ K2’
Cen
A |—~B > < *
—_ —_ — Tel
K1 K2

K2 Collapse , K1’ Homology

4 —

N OB c
—_— —_—
K1’ K2’
Cen
|A B > C *
— — — Te|
K1 K2

— Tel

Starting on bottom of each derivation and moving with the arrow.
Vertical black lines denote a template switch forming a breakpoint junction.

K1/K2’
Junction 1 K1’ Junction 2 K1 K2
Cen A B c B A B C ' Tel
Unique Structure
K1/K2’
Junction 1 k1’ Junction 2 K1 K2
Cen A B c 4 B A B > c 4 Tel
—_—— — - — | — — —_— —_—
Unique Structure
K2/K1’
Junction 1 Junction 2
K1 K1 K2
Cen A B C B A B C Tel
— —p —p —_— — — | —> — —_—
Matches Structure 13
K2/K1’
Junction 1 Junction 2
K1 K1 K2
Cen A B C B’ A B C Tel
—_— — —p —_— - —_— —_— —
Matches Structure 15



K1 Collapse , K2” Homology
Telomere

Centromere ;
Telomere
| '

K1 Collapse , K2" Homology

A LB c Telomere
Centromere
| 4 Telomere
K2 Collapse , K1" Homology
—
7 A B c Telomere
_— - —_—
K1’ K2
Centromere

A |B > C * Telomere
— — >
K1 K2

K2 Collapse , K1’ Homology

D ——

8 e

/N
I_’_> > « Telomere

Telomere
—_

Centromere

Inversion in Reference Position “C”

K1/K2’
Junction 1 Junction 2 K1
A C’ B’ ' Telomere
—_— —»
Centromere
Matches Structure 9
K1/K2’
Junction 1 K1’ Junction 2 K1 K2
A B C' BI > Telomere
— — —p —> —>
Centromere
Matches Structure 11
K2/K1’
Junction 1 Junction 2
A B C B’ A Telomere
Centromere
Matches Structures 14 and 10
K2/K1’
Junction 1 Junction 2
A B c B’ Telomere
—_— —p — -— - —_— —p
Centromere

Matches Structures 12 and 16



Interchromosomal Event Mixture of Inversion ”C” 1/2
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Interchromosomal Event Mixture of Inversion ”C” 2/2
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Data S3: CRISPR-Cas9 targeted ONT data for BAB3114 family, Related to Figure 5.
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BAB3114 HAPLOTYPING SEGREGATES READS INTO D AND D’
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A single 530 kb read resolves opsin cluster allele in BAB3114

K1 Junction 1

Cen A B C
—_—— — —_

400000 \\
22300000 \\
%200000 \
100000 \ s\
7t
< Single 530 kb Nanopore
Junction 2 |<1 K2 read spanning the region
B A B C Tel
— —— —> —_— —_—




Data S4: Strand-Seq data analysis techniques for BAB14547 and BAB3114, related to Table 1.
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