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Abstract

Clinical laboratory diagnostic evaluation of the genomes of children with suspected genetic 

disorders, including chromosomal microarray and exome sequencing, cannot detect copy number 

neutral genomic rearrangements such as inversions, balanced translocations and complex 

chromosomal rearrangements (CCRs). We describe an infant with a clinical diagnosis of Cornelia 

de Lange syndrome (CdLS) in whom chromosome analysis revealed a de novo complex balanced 

translocation, 46,XY,t(5;7;6)(q11.2;q32;q13)dn. Subsequent molecular characterization by whole 

genome sequencing (WGS) identified twenty three breakpoints, delineating segments derived from 
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four chromosomes (5;6;7;21) in ancestral or inverted orientation. One of the breakpoints disrupted 

a known CdLS gene, NIPBL. Further investigation revealed paternal origin of the CCR allele, 

clustering of the breakpoint junctions, and molecular repair signatures suggestive of a single 

catastrophic event. Notably, very short DNA segments (25bp, 41bp) were included in the 

reassembled chromosomes, lending additional support that the DNA repair machinery can detect 

and repair such segments. Interestingly, there was an independent paternally-derived miniscule 

complex rearrangement, possibly predisposing to subsequent genomic instability. In conclusion, 

we report a CCR causing a monogenic Mendelian disorder, urging WGS analysis of similar 

unsolved cases with suspected Mendelian disorders. Breakpoint analysis allowed for identification 

of the underlying molecular diagnosis and implicated chromoanagenesis in CCR formation.
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INTRODUCTION

Conventional G-banded chromosome analysis has been replaced in the clinical arena with 

higher-resolution genomic assay techniques, including chromosomal microarray analysis 

(CMA) and exome sequencing (ES), to detect pathogenic variation (copy number variation, 

CNV, and single nucleotide variation, SNV) potentially contributing to disease. These have 

become first-tier diagnostic screens for individuals with developmental disorders and/or 

congenital malformations. However, these techniques are blind to copy-neutral events such 

as balanced translocations, inversions, and complex chromosomal rearrangements (CCRs). 

Whole genome sequencing (WGS), on the contrary, has the potential to detect CCRs and to 

define breakpoints at nucleotide-pair resolution. In the context of genomic disorders, 

delineating the breakpoints of copy-neutral events has enabled novel gene discovery, and 

characterization at the nucleotide resolution has yielded remarkable insights into 

mechanisms of formation (Carvalho & Lupski, 2016; Liu et al., 2011; Nazaryan-Petersen et 

al., 2018; Nilsson et al., 2017; Redin et al., 2017).

CCRs can arise as a single catastrophic event. The term chromothripsis (‘chromosome 

shattering and stitching’) is a phenomenon originally defined from somatic mutagenesis 

studies and whole genome sequencing of cancer genomes. It is often reserved for an event 

thought to be due to the shattering of a single chromosome into segments of different lengths 

followed by stitching, or gluing, together of the segments in random orientation, with 

minimal overall DNA loss. Another term, chromoplexy (‘chromosome restructuring’) has 

been used to describe a closed chain of translocations between multiple chromosomes, again 

with little or no copy number change (Baca et al., 2013; Chiang et al., 2012; Meyerson & 

Pellman, 2011; Shaikhibrahim, Offermann, & Perner, 2014; C. Z. Zhang, Leibowitz, & 

Pellman, 2013). Finally, chromoanasynthesis, defined in constitutional mutational studies of 

patients, results from a chromothripsis-like pattern with a multitude of break-join events 

followed by chromosome reconstitution with resulting multiple copy number variants 

(CNVs) including gains such as locus duplication and triplication events (Liu et al., 2011). 
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These terms, thought also to reflect the potential underlying rearrangement mechanisms of 

non-homologous end joining (NHEJ) versus replicative repair by microhomology-mediated 

break-induced replication (MMBIR) (Maher & Wilson, 2012; F. Zhang, Carvalho, & Lupski, 

2009), have been grouped together under the umbrella term chromoanagenesis, or 

‘chromosome rebirth’ (Pellestor, 2019; Zepeda-Mendoza & Morton, 2019).

Initiation of chromothripsis may include various exogenous sources such as ionizing 

radiation, free radicals, environmental toxins, viral integration with subsequent genomic 

imbalance, or chemotherapeutic drugs (Kloosterman et al., 2012; Redin et al., 2017). 

Alternatively, it has been proposed that chromothripsis might be caused by abortive 

apoptosis (Tubio & Estivill, 2011). Interestingly, DNA fragments involved in CCR formation 

are more likely to be co-localized in the same or neighbouring sub-compartments of nuclear 

organization prior to chromosomal reassembly, and Hi-C interaction data has suggested that 

pairs of loci comprising CCR breakpoint junctions are more likely to interact as compared to 

random pairs (Redin et al., 2017). Experimental findings have implicated that 

chromothripsis and chromoplexy may result from lagging chromosomes encapsulated in 

micronuclei (C. Z. Zhang et al., 2015). Other mechanisms that have been proposed for 

certain cases include telomere attrition and end-to-end telomere fusion (Lowden, Flibotte, 

Moerman, & Ahmed, 2011; Stephens et al., 2011).

Repair of chromothripsis and chromothripsis-like events can involve NHEJ, fork stalling and 

template switching (FoSTeS), and MMBIR. NHEJ is a pathway that repairs double-strand 

breaks by direct ligation without a homologous template, resulting in blunt ends; micro-

deletions or insertion of random nucleotides (i.e., nontemplated insertions) may be observed 

at the breakpoint junctions. FoSTeS and MMBIR are error-prone DNA-replication 

mechanisms that utilize microhomologous regions to repair breaks, resulting in 

microhomology at breakpoint junctions (Beck et al., 2019; Carvalho et al., 2011; Liu et al., 

2011; Redin et al., 2017).

Cornelia de Lange syndrome (CdLS, MIM 122470, 300590, 300882, 610759, 614701) is a 

clinically recognizable genetic disorder characterized by severe growth restriction, 

developmental delay, a distinctive facial appearance including synophrys, highly arched 

eyebrows, long eyelashes and a long smooth philtrum, and limb abnormalities. Pathogenic 

variants in NIPBL, HDAC8, SMC1A, SMC3, and RAD21 are associated with CdLS 

(Deardorff, Bando, et al., 2012; Deardorff et al., 2007; Deardorff, Wilde, et al., 2012; Krantz 

et al., 2004; Musio et al., 2006; Tonkin, Wang, Lisgo, Bamshad, & Strachan, 2004; Yuan et 

al., 2019). The encoded proteins are all components of, or interact with, the cohesin 

complex, which is responsible for regulating sister chromatid cohesion and segregation, as 

well as maintaining genomic stability (Cucco & Musio, 2016). Of note, genomic 

rearrangements involving NIPBL, deletion CNV, have also been reported in some CdLS 

patients (Pehlivan et al., 2012). Variants in different ‘cohesinopathy-genes’ can have varying 

severity of clinical phenotypes (Yuan et al., 2019). Despite identification of multiple genes 

associated with CdLS, over 25% of individuals with a clinical diagnosis have negative 

genetic testing (Gil-Rodríguez et al., 2015), suggesting the existence of additional yet 

unidentified genes or yet undefined mechanisms of disease.
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We report a child with a clinical diagnosis of CdLS, in whom exome sequencing (ES) and 

chromosome microarray analysis (CMA) were noncontributory toward establishing a 

molecular diagnosis. Conventional G-banded chromosome analysis followed by WGS 

revealed a CCR, 46,XY,t(5;7;6)(q11.2;q32;q13)dn, involving at least 3 chromosomes and 

over twenty breakpoint junctions, with one of the breakpoints interrupting NIPBL and 

correlating with the clinical diagnosis. We elaborate on the mechanism of formation and 

parental origin of the CCR, and highlight the limitations of current first-tier genetic 

molecular diagnostic testing.

MATERIALS AND METHODS

Short-read whole-genome sequencing

Following informed consent, genomic DNA derived from blood of the patient was 

sequenced using the Illumina 30X PCR-free protocol at National Genomics Infrastructure 

(NGI), Stockholm, Sweden. Data was processed using the NGI-piper pipeline (https://

github.com/johandahlberg/piper) and structural variants were called using the FindSV 

pipeline (https://github.com/J35P312/FindSV). Briefly, the FindSV pipeline combines 

CNVnator V0.3.2 (Abyzov, Urban, Snyder, & Gerstein, 2011) and TIDDIT V2.2.4 (Eisfeldt, 

Vezzi, Olason, Nilsson, & Lindstrand, 2017). CNVnator detects copy number variants based 

on read depth, while TIDDIT detects a wide range of structural variants including balanced 

events based on searches for clusters of discordant read pairs and split reads. Output from 

FindSV was compiled into a single Variant Calling Format (VCF) file which was 

subsequently annotated by the variant effect predictor (VEP) (McLaren et al., 2010) and 

filtered based on VCF quality flag. Finally, the VCF file was sorted based on a local 

structural variant frequency database consisting of 351 patient samples. The BAM files of 

variants of interest were manually inspected in the Integrative Genome Viewer (IGV: http://

software.broadinstitute.org/software/igv/) (Robinson et al., 2011) and the exact position of 

the breakpoint could be estimated and sometimes exactly determined after alignment of split 

reads to the hg19 reference genome in the BLAST-like alignment tool (BLAT:https://

genome.ucsc.edu/cgi-bin/hgBlat).

Breakpoint junction PCR

Specific breakpoints, which could not be resolved by WGS or were of particular interest, 

were investigated by breakpoint junction polymerase chain reaction (PCR). Primer 

sequences designed to flank estimated breakpoint regions are provided in Table S1. For 

junction der6_jct1, which disrupted NIPBL, control primers were also designed to amplify 

the wild-type alleles (Fig. S1). Breakpoint junction PCR was performed by standard 

methods using DreamTaq DNA Polymerase (Thermo Fisher Scientific). Products were 

Sanger sequenced, and aligned by BLAT (UCSC Genome Browser; genome.ucsc.edu) to the 

human genome assembly hg19 (GRCh37) to determine unresolved breakpoint junctions.

Phasing to determine parental origin of alleles

To investigate the parental origin of the rearranged allele, single nucleotide polymorphisms 

(SNPs) in cis to the rearrangement and within ~200 nucleotides from the estimated 
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breakpoint junction were sequenced in both parents. The SNPs and respective primers are 

provided as Table S2.

Fluorescent in situ hybridization (FISH)

FISH analyses were performed on metaphase spreads prepared from lymphocyte cultures 

using RP11–244H11 (Empire Genomics, Buffalo, NY) for the 1p31.2 area; telomere 1q 

(LPT 01Q) probe, telomere 21q (LPT 21Q) probe and centromere 14/22 (LPE 014) 

(Cytocell®, Cytocell Ltd, Cambridge, UK) according to standard procedures following 

respective manufacturer’s protocols.

RESULTS

Clinical Report

The proband was a 15-month-old male, the firstborn child to non-consanguineous parents of 

Arab Christian descent. Pregnancy was remarkable for oligohydramnios and severe 

intrauterine growth restriction (IUGR). Delivery was at 36 2/7 weeks via urgent C-section 

due to nonreassuring monitor and severe oligohydramnios. Birthweight was 1740 grams (Z-

score −2.49), length 41 cm (Z-score −2.67), and head circumference 30 cm (Z-score −1.92). 

Apgar scores were 8 at 1 minute and 8 at 5 minutes. After delivery, the infant was noted to 

have dysmorphic features, bushy eyebrows, bilateral cleft palate, micrognathia, low-set ears, 

elbow joint contractures, bilateral upper limb reduction defects, back hirsutism, undescended 

testes and hypospadias. Based on the recognizable pattern of facial dysmorphology and limb 

reduction defects, the infant was given a clinical diagnosis of Cornelia de Lange syndrome 

(CdLS: MIM 122470). At last exam at 15 months of age, development was severely delayed. 

The child could track, smile, and vocalize yet did not babble nor say specific words. He 

could support his head, roll over, and sit unsupported for a few seconds, yet could not crawl 

nor stand. He did not have seizures. Physical exam revealed weight of 5 kg (~25th %tile on 

CdLS chart), length 64.5 cm (~40th %tile on CdLS chart) and head circumference 39.2 cm 

(~10th %tile on CdLS chart). Dysmorphic features included thick, high arched eyebrows, 

synophrys, short nose with anteverted nares, long and smooth philtrum, thin lips, cleft 

palate, upper and lower lip frenulum, low-set ears with fleshy lobes, retrognathia, and 

hirsutism. Limb evaluation revealed an absent ulna and short radius bilaterally, with three 

fingers absent on each hand. Additional medical issues included sensorineural hearing loss 

(60 dB on right and 70 dB on left), ptosis with an otherwise normal ophthalmology exam, 

and a small patent foramen ovale with mild left pulmonary branch stenosis. Brain ultrasound 

showed normal size ventricles and presence of a corpus callosum.

Chromosome analysis revealed a complex rearrangement: 46,XY,t(5;7;6)(q11.2;q32;q13) 

(Fig. 1A). Parental chromosome analysis was normal, suggesting that the complex 

rearrangement occurred de novo. Presumed breakpoints on chromosome analysis did not 

involve any known CdLS gene, and chromosomal microarray analysis (CMA) did not detect 

disturbances of balance in chromosomal material around the breakpoint junctions or 

elsewhere in the genome. Exome sequencing from whole blood was noncontributory. Due to 

the recognized high rate of somatic mosaicism in individuals with CdLS (Huisman, Redeker, 

Maas, Mannens, & Hennekam, 2013), exome sequencing was repeated on DNA obtained 
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from a buccal swab; no variants of interest in CdLS nor other disease-associated genes were 

identified.

Short read (paired-end) WGS detects numerous breakpoints on four chromosomes

WGS detected 23 breakpoints (Fig. 1B, S2; Tables 1, S3), far more than were anticipated by 

conventional chromosome analysis. Four chromosomes were involved – chromosomes 5, 6, 

and 7, which were seen to be rearranged per conventional chromosome analysis, as well as 

chromosome 21 which seemed structurally intact on chromosome analysis even when 

viewed in retrospect. Numerous segments were reincorporated into the reconstructed 

chromosomes in inverted orientation. Telomeres always remained at the outer ends of the 

chromosomes, likely due to their unique sequence and structure.

NIPBL disrupted by the complex rearrangement

To determine the mechanism by which the complex chromosome rearrangement led to a 

Cornelia de Lange phenotype, breakpoint junctions were investigated for disruption of 

genes. In total, five genes were disrupted, including HMGCLL1, MAST4, NIPBL, PAQR8, 
TINAG. Three of these have probability of loss-of-function intolerance (pLI) scores (https://

gnomad.broadinstitute.org) equal to zero, and a fourth (PAQR8) has a low pLI score of 0.16. 

Thus, it was presumed that those four genes would not cause disease by mechanism of 

haploinsufficiency. Conversely, NIBPL, disrupted by der6_jct1 (Fig. 1C, 2A), has a pLI 

score of 1 and is a known dosage-sensitive gene associated with CdLS. Breakpoint junction 

analysis by PCR and Sanger sequencing confirmed this junction in the proband, and its 

absence in the parents (Fig. S1). Numerous variants resulting in premature termination 

codons in NIPBL lead to CdLS (Yan et al., 2006), as do heterozygous deletion CNV 

consistent with a haploinsufficiency phenotype (Pehlivan et al., 2012). The breakpoint 

junction disrupting NIBPL (located in intron 44 of 46 introns) is within an AluJr element, 

yet the junction has a non-templated insertion and was not dependent on Alu-Alu 
recombination (Song et al., 2018).

Parental origin and mechanism of rearrangement formation

Analysis of SNPs in close proximity to the breakpoint junction and in cis to the rearranged 

allele (Table S2) revealed that the complex rearrangement occurred on the paternal allele. 

This is consistent with previous reports showing a paternal bias for CCR formation, possibly 

attributed to the larger number of mitotic divisions during gametogenesis in males as 

compared to females (Campbell et al., 2014; Kloosterman et al., 2012).

In order to surmise the potential mechanism underlying formation of the CCR, 21 of the 23 

breakpoints were defined at the nucleotide level by WGS split-read analysis. The remaining 

junctions (der5_jct7, der5_jct8, and der7_jct1) were resolved by breakpoint junction PCR 

analysis and Sanger sequencing. The majority of the breakpoints clustered within 1.8Mb and 

3.4Mb on chromosomes 5 and 6, respectively (Table S3), suggesting chromothripsis as the 

underlying catastrophic event. Among the breakpoint junctions delineated at base-pair 

resolution, seven were precisely joined as blunt ends, consistent with non-homologous end 

joining (NHEJ) as an underlying repair mechanism. Microhomology ranging from 1 to 5 

nucleotides was observed in six junctions, implicating microhomology-mediated break-
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induced replication (MMBIR) as a repair mechanism. The other breakpoints had insertions 

varying from 4 to 117 nucleotides (Fig. S2, Table 1). Low-copy repeats and repetitive 

elements were present at some of the junctions (Table S3), yet did not seem to mediate non-

allelic homologous recombination (NAHR) derived DNA rearrangements. Overall, less than 

1000 kilobases of total genomic imbalance was appreciated.

Many of the larger insertions at breakpoint junctions were non-templated insertions; yet, in 

others, runs of 21 to 41 nucleotides could be mapped back to the regions of chromosomal 

shattering, mostly to chromosome 6 (Tables 1, S3). Some of these likely represent very short 

DNA segments that were incorporated into the reassembled chromosomes by the repair 

machinery (Slamova et al., 2018). As an example, 41bp in junctions der5_jct7&8 mapped to 

the gap between segment 6–12 and 6–13, and 25bp at the same junction mapped to the 

segment between 6–3 and 6–4 (Table S3). Thus, there seemed to be several cryptic 

breakpoint junctions in addition to those initially detected by WGS analysis.

Detection of an independent complex rearrangement inherited from the father

Whilst delineating the extensive number of breakpoint junctions by PCR, we noted a 56kb 

duplication originating from chromosome 1 (coordinates: chr1:69,063,596–69,119,765 

[hg19]) (Fig. 2B–C). One end of this duplication bordered chromosome 6 (position: 

chr6:166,668,890), and surprisingly could be amplified not only from the proband DNA but 

from paternal DNA as well. Further analysis and Sanger sequencing confirmed a paternally-

inherited contig consisting of fragments derived from chromosomes 1, 6 and 7. However, the 

contig could not reliably be placed in the context of a derivative chromosome, since 

repetitive elements flanked it on the genome sequencing data. Therefore, we turned to 

fluorescent in situ hybridization (FISH) utilizing a probe targeting the 56kb duplication of 

chromosome 1p31.2. FISH confirmed the duplication in both the father and proband, and 

revealed that the duplication was located on one of the smaller chromosomes (Fig. 3A). 

Subsequent analyses (Fig. 3B, Fig. S3) showed that the duplication, and thus the paternally-

inherited second complex rearrangement, was inserted onto chromosome 22. Details of the 

paternally inherited duplication are provided in Fig. S4 and Table S4. It remains to be 

determined whether this miniature complex rearrangement might promote genomic 

instability and ignite additional catastrophic events.

DISCUSSION

In this study, we report a cytogenetically balanced complex chromosomal rearrangement 

masquerading as a monogenic disorder. Resolution of the breakpoints at the nucleotide level 

by WGS revealed that the phenotype of CdLS was due to disruption of the NIPBL gene by 

one of 23 identified breakpoints (Fig. 1C, S2). The disruption was intronic, and was thus 

invisible to exome sequencing. Additional genes were interrupted by the CCR (Table S3), 

yet these are unlikely to be haploinsufficient genes based on their pLI scores and/or 

presumed function. Since the phenotype of CdLS is quite severe, the pathogenic contribution 

of a minor disrupted gene may have been overlooked. Moreover, genes mapping within the 

~1.5kb of genomic imbalance may contribute to the severity of the phenotype. Nevertheless, 

we thus expand the molecular mechanisms by which a monogenic disorder such as CdLS 
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can occur to include CCRs, and highlight the limitations of conventional cytogenetic 

approaches.

The severe presentation of the affected individual was consistent with previously reported 

genotype-phenotype correlations for NIPBL variants, wherein individuals with truncating 

variants have more severe presentations as compared to individuals with missense variants 

(Yan et al., 2006). Chromosomal rearrangements have been previously reported in CdLS; in 

fact, a de novo translocation t(5;13)(p13.1;q12.1) with a deleted fragment encompassing 

NIPBL aided in identification of the gene-disease association (Hulinsky, Byrne, Lowichik, 

& Viskochil, 2005; Krantz et al., 2004) and confirmed haploinsufficiency as the mechanism. 

Additionally, several individuals with exonic deletions in NIBPL have been described 

(Pehlivan et al., 2012). The current report of a CCR leading to a very severe phenotype of 

CdLS lends further support to this being a ‘transcriptomopathy’ and suggests that CCRs may 

perturb gene regulation and expression to a greater degree than point mutations, perhaps by 

position effects (Yuan et al., 2015). Albeit, further studies involving RNA expression data 

would be necessary to confirm or refute this hypothesis.

In the studied case, the paternal origin of the CCR allele, the clustering of the majority of 

breakpoints within a few megabases of nucleotides, and the molecular signature of the 

breakpoint junctions (i.e., blunt ends, microhomology, and non-templated insertions) 

supported a single catastrophic event as the mechanism of formation. Similar to a recent 

report by Slamova et al. (2018), we observed very small fragments from shattered 

chromosomes that were apparently captured and incorporated into derivative chromosomes 

by the repair machinery (Slamova et al., 2018), providing further support that copy number 

variants can be very short. We conclude that differentiation between copy number variants 

and indels should be defined by the mechanism by which they arise rather than by size 

alone.

Complex rearrangements have been reported to segregate stably through multiple 

generations (Bertelsen et al., 2016). Other reports show unbalanced but stable transmission 

of a subset of the derivative chromosomes leading to a phenotype in the offspring, and yet 

other cases document de novo rearrangements complicating the parentally inherited complex 

rearrangement (de Pagter et al., 2015; Di Gregorio et al., 2014; Gu et al., 2016). In the 

reported case, the paternally-inherited contig consisting of duplicated short fragments of 

chromosomes 1, 6, and 7 translocated onto chromosome 22 (Fig. 3, Fig. S4), posed a major 

challenge to its ultimate molecular unravelling. Notably, the regions involved on 

chromosomes 6 and 7 in the paternal duplication (6q27 and 7p14.1) were isolated and 

distinct from those regions involved in the chromothripsis event (6p12 and 7q31.33). This 

further supported the conclusion that there were two independent events – a paternally 

inherited duplication, and a de novo chromothriptic event. Reversion to FISH technology 

and, perhaps more so, the dialogue between WGS, FISH, and Sanger breakpoint sequencing, 

proved to be critical to the understanding of the case. Long read WGS would be expected to 

be of high utility in such complex cases. Future studies may be directed at understanding 

whether, and by which mechanism, parentally-derived chromosome rearrangements 

predispose to catastrophic events in offspring.
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CONCLUSIONS

It has been noted that in chromosomal abnormalities, prediction of the resultant phenotype 

depends heavily on the specific genes and regions that are altered, rather than the mere 

presence of a chromosomal abnormality or the number of genes disrupted (Redin et al., 

2017). WGS has an added benefit of unraveling cryptic complexity at breakpoint junctions 

(Baptista et al., 2008; Higgins et al., 2008). This case underscores the urgent need to 

implement genomic technologies capable of detecting both balanced and unbalanced 

rearrangements in routine diagnostic use.

Supplementary Material
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Figure 1. Complex chromosome rearrangement disrupts NIPBL gene.
(A) Karyotype indicated a complex rearrangement involving chromosomes 5, 6, and 7. Both 

copies of chromosome 21 were considered cytogenetically intact per chromosome analysis. 

(B) Whole genome sequencing (WGS) indicated a balanced complex rearrangement 

involving 26 breakpoints on four chromosomes. (C) WGS followed by Sanger sequencing of 

the breakpoint junction disrupting NIPBL indicated a non-templated insertion of 25 

nucleotides.
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Figure 2. Whole genome sequencing data and PCR amplification of NIBPL breakpoint and of 
paternally inherited duplication.
(A) Screenshot of whole genome sequencing (WGS) data showing breakpoint junction 

region disrupting NIPBL. (B) Screenshot of WGS data indicating duplication of 

chromosome 1: 69,063,596–69,119,765 [hg19]. (C) Breakpoint junction analysis of 

der6_jct1, interrupting NIPBL, indicated that the rearrangement occurred de novo in the 

proband (left panel). Amplification of der7_jct1 (between segments 6–16 and the duplication 

on chromosome 1) indicated that the duplication on chromosome 1 was inherited from the 

father, and presumably moved en bloc with segment 6–16 during formation of the complex 

rearrangement (right panel).
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Figure 3. Fluorescent in situ hybridization (FISH) localizes paternally-inherited duplication of 
chromosome 1p31.2 to chromosome 22.
(A) Chromosomes from the proband (left panels) and father (right panels) were hybridized 

with a probe targeting telomere 1q (green fluorescent label) and a probe targeting the 

paternal duplication originating from 1p31.2 (red fluorescent label). A third signal of the 

1p31.2 probe can be seen on one of the smaller chromosomes (red arrow). (B) Utilizing 

probes targeting 1p31.2 (red) and chromosome 22 (telomere 22q, green), the duplication was 

localized to chromosome 22 (red arrow) in both the proband and his father.
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Table 1.

Breakpoint junctions and characterization of molecular signature

Breakpoint junction
Genomic coordinate 
(prox end)

Genomic coordinate 
(distal end) BL/INS/ MH Size (bp) Source

der5_jct1 6:52164816 5:66424678 MH 4 NR

der5_jct2 5:66416578 6:54477651 BL - NR

der5_jct3 6:54468957 6:55440339 BL - NR

der5_jct4 6:55549994 6:54532787 MH 5 NR

der5_jct5 6:54477667 5:37060348 INS 16 NR

der5_jct6 5:66416448 6:54144313 BL - NR

der5_jct7 6:52268476 6:54160494 INS 91 NA

der5_jct8 6:54160401 7:123818519 INS 71
chr6:55419517–55419557 
[41bp]; chr6:52268424–
52268448 [25bp]

der6_jct1 5:37060326 6:55440329 INS 25 NA

der6_jct2 6:55419612 6:54233402 MH 2 NR

der6_jct3 6:54468932 6:54144318 INS 8 NR

der6_jct4 6:54160398 5:66424725 INS 32 NA

der6_jct5 5:66444130 6:55550005 INS 83 chr6:52266027–52266050 
[24bp]

der7_jct1 7:123818492 5:66449983 MH 1 NR

der7_jct2 5:66463171 6:54233319 MH 2 NR

der7_jct3 6:54160547 5:68215114 INS 117 NA

der7_jct4 5:66463179 5:68215535 BL - NR

der21_jct1 21:14598180 6:52268420 INS 43 chr6:54160487–54160508 
[22bp]

der21_jct2 6:52266075 6:54532789 MH 1 NR

der21_jct3 6:55416595 5:66444415 INS 111
chr6:55419496–55419523 
[28bp]; chr6:55419553–
55419573 [21bp]

der21_jct4 5:66449980 6:55416610 BL - NR

der21_jct5 6:55419503 6:52266036 INS 4 NR

der21_jct6 6:52164824 21:14598357 BL - NR

Abbreviations: BL - blunt, INS - insertion, MH - microhomology, NA - not available, NR- not relevant
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