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Abstract

We present a comprehensive clinically oriented workflow for large-insert genome
sequencing (liGS)-based nucleotide level resolution and interpretation of de novo (dn)
apparently balanced chromosomal abnormalities (BCA) in prenatal diagnosis (PND).
Retrospective or concomitant with conventional PND and liGS, molecular and newly
developed clinically inspired bioinformatic tools (TAD-GConTool and CNV-ConTool) are
applied to analyze and assess the functional and phenotypic outcome of dn structural variants
(dnSVs). Retrospective analysis of four phenotype-associated dnSVs identified during
conventional PND precisely reveal the genomic elements disrupted by the translocation
breakpoints. Identification of autosomal dominant disease due to disruption of ANKS1B and
WDR26 by t(12;17)(g23.1;921.33)dn and t(1;3)(g24.11;p25.3)dn breakpoints, respectively,
substantiated the proposed workflow. We then applied this workflow to two ongoing
prenatal cases with apparently balanced dnBCAs: 46,XX,t(16;17)(q24;921.3)dn referred for
increased risk on combined first trimester screening and 46,XY ,t(2;19)(p13;g13.1)dn
referred due to a previous trisomy 21 pregnancy. Translocation breakpoints in the t(16;17)
involve ANKRD11 and WNT3 and disruption of ANKRD11 resulted in KBG syndrome
confirmed in postnatal follow-up. Breakpoints in the t(2;19) are within ATP6V1B1 and the 3’
UTR of CEP89, and are not interpreted to cause disease. Genotype-phenotype correlation
confirms the causative role of WDR26 in the Skraban-Deardorff and 1q41g42 microdeletion
phenocopy syndromes, and that disruption of ANKS1B causes ANKS1B haploinsufficiency
syndrome. In sum, we show that an liGS-based approach can be realized in PND care
providing additional information concerning clinical outcomes of dnBCAs in patients with

such rearrangements.

Keywords: Balanced chromosomal abnormality (BCA); PND care; liGS; KBG syndrome;
ANKS1B haploinsufficiency syndrome; Skraban-Deardorff syndrome; TAD-GConTool;

CNV-ConTool



Introduction

A causal relationship between a balanced chromosomal abnormality (BCA) and a congenital
anomaly is predicted in up to 40% of cases presenting a clinical phenotype associated BCA
(Redin et al. 2017). Recognition of de novo (dn) BCAs leading to disorders constitutes a
formidable challenge in prenatal diagnosis (PND). Conventional low-resolution karyotyping
remains the standard approach for assigning rearrangement breakpoints of cytogenetically
visible dnBCAs in the prenatal setting. Breakpoints of some BCAs have been localized
though molecular cytogenomic approaches including FISH, but high-resolution
chromosomal microarrays (CMA) are generally insensitive to BCAs (David et al. 2003).
More recently, massively parallel sequencing-based methods have been used facilitating
nucleotide level resolution of BCAs (Chen et al. 2008; Talkowski et al. 2011).

Long-insert genome sequencing (liGS), with high physical coverage and low sequence
depth, has been applied within an actionable timeframe of a PND, for precise identification
of BCA breakpoints (Talkowski et al. 2012; Ordulu et al. 2016). BCAs must also be
evaluated in the context of copy-number variation (CNV) burden, and the relevance and
expanding knowledge of topologically associated domains (TADs) in mechanisms of disease
(Dixon et al. 2012; Lupiafez et al. 2015).

In the present study, we apply the liGS approach for identification of structural variant
(SV) breakpoints in four retrospectively analyzed dnBCAs identified during conventional
PND and in two ongoing PNDs with dnBCAs. Two bioinformatic tools to assist prediction of
the phenotypic outcome of SVs and CNVs in the routine clinical setting were developed
including evaluation of the local genomic landscape in which these dnBCAs occurred.
Finally, we consider the predictability of the phenotypic outcome of these dnBCAs identified

during PND.



Materials and methods

Patients, karyotyping and CMA

Two fetal and four adolescent probands with dnBCAs identified by fetal karyotyping during
a conventional PND protocol and their family members were analyzed. Karyotyping and
CMA are described in Supplementary Material and Methods.

liGS library preparation, sequencing, bioinformatic analysis and resolution

liGS library preparation, sequencing, and bioinformatic analysis of sequencing data were
carried out essentially as described by Talkowski et al. (2011) and Collins et al. (2017).
Briefly, after aligning read-pairs against the reference genome, chimeric and improper read-
pairs were selected, categorized, clustered and filtered against a so-called blacklist, a list of
genomic regions with systematic short-read mappability biases, with an overlap cut-off >
30% (Collins et al. 2017). Based on cluster analysis, different types of balanced and
unbalanced SVs such as translocations, insertions (ins), inversions (inv), complex (cx) SV,
deletions (del) and tandem duplications (dup) can be identified by liGS. The resolution of
liGS is equivalent to the median insert size plus twice the S.D., i.e., ~4.5 kb. SVs identified
in 689 participants with autism spectrum disorder were used as an SV reference dataset
(SVref dataset; Collins et al. 2017). Deletions and tandem duplications identified by depth-
of-coverage and improper cluster analysis were cross validated (Klambauer et al. 2012;
Collins et al. 2016) and analyzed using our CNV-ConTool.

As long as read-pair clusters do not overlap low-complexity regions, our clinically
oriented pipeline includes all translocations, ins, del and dup above 30 kb, and cx SV above
10 kb. A more detailed description is available in Supplementary Material.

Identification of cluster-specific split-reads, CNVs and bioinformatic tools

For identification of cluster-specific split-reads encompassing BCA or SV breakpoints, a
custom Python algorithm was developed and applied. This process uses read-pairs with one
of the reads mapped within a breakpoint cluster and the respective paired read unmapped.

Detailed description of this algorithm is available in Supplementary Material.



To assist prediction of the phenotypic outcome of SV and CNVs, two bioinformatic
tools were developed. TAD-Gene Content Tool (TAD-GConTool) using TAD data from
Dixon et al. (2012) and Moore et al. (2015), identifies breakpoint spanning and flanking
TADs and retrieves a series of protein-coding and non-coding RNA genes and genomic
elements localized within the TADs, as well as associated structural and functional
information. Additionally, this tool has the ability to construct the sequence-based
nomenclature of the SVs according to the International System for Human Cytogenomic
Nomenclature (ISCN) 2016. This tool will be updated in concert with revisions to ISCN
2016, anticipated to be ISCN 2020. CNV-Content Tool (CNV-ConTool) was developed to
search for overlap between patient-specific CNVs and those from public databases. This
second tool also retrieves data on genes affected by these CNVSs. Detailed descriptions of
both bioinformatic tools are available in Supplementary Material and Methods.

Both TAD-GConTool and CNV-ConTool can be accessed online at www.dgrctools-

insa.min-saude.pt. Source codes are available at https://github.com/DGRC-PT/.

Amplification of junction fragments

Amplification conditions for junction and control fragments of BCA and proband-specific
CNVs are summarized in Supplementary Table 1.

Lymphoblastoid cell lines (LCLSs), RNA extractions and expression studies
Establishment of LCLs from peripheral blood lymphocytes, extraction of RNAs from LCLs,
peripheral blood and amniocytes, and quality assessment and quantification of RNAs were
performed essentially as described previously (David et al. 2003).

Genome-wide assessment of gene expression levels in LCL or amniocytes of the
probands and controls were performed using the Affymetrix Human Transcriptome Array
2.0 (HTA 2.0, ThermoFisher Scientific). Sample and array processing and data analysis were
carried out according to the manufacturer’s instructions and are detailed in the
Supplementary Material and Methods.

Variant interpretation and disease prediction
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Variants produced by liGS were interpreted according to ACMG sequence based variant
criteria (Richards et al. 2015) or CNV criteria (Riggs et al. 2019). For disease prediction
(Table 1) bespoke criteria were developed to guide clinicians in the interpretation of
sequencing results and ACMG variant classification, as follows:

Disease causing - a structural variant resulting in loss-of-function (LoF) of an annotated
gene transcript causing an autosomal dominant (AD) clinically relevant or major
developmental disorder, where LoF is a known mechanism of the disease;

Low potential of disease - a structural variant resulting in LoF of an annotated gene
transcript solely causing autosomal recessive (AR) disorders or not associated with an AD
clinically relevant or major developmental disorder causing gene localized within the
breakpoint topological associating domains (bpTADSsS);

Non-disease causing - a structural variant resulting in no disruption of protein-coding
genes within the bpTADs, no human pathology reported to be associated with genomic
elements localized within the bpTADs or no statistically significant GWAS data and/or data
supporting at least partial overlap between the genetic traits associated with the affected
genomic region and the patient phenotype; and

Disease plausible - a structural variant resulting in disruption of an annotated gene
transcript intolerant to LoF variants but not yet associated with human disorders, affected
gene reported with an important biological function, or convergent genomic and biological
evidence (GWAS, gene expression, phenotypic data and other) supporting at least partial

involvement of the disrupted gene in the patient clinical phenotype.



Results

Patient medical histories

A 39 year-old female presented with an elevated risk for aneuploidy following 1° trimester
combined tests with increased nuchal translucency (4.1 mm, >95" percentile). Chorionic
villus sampling (CVS) was performed at 14 weeks gestation for karyotyping of the fetus
(designated DGRCO0016). Neither parent had any relevant family medical history.

Ultrasound examination at 20 weeks revealed hypoplastic nasal bone and
atrioventricular septal defect (AVSD) with ventricular septal defect (VSD) confirmed by
fetal echocardiography. Besides AVSD and fetal growth restriction (5™ centile), no other
fetal anomalies were observed on subsequent evaluations.

Postnatal echocardiogram confirmed the reported AVSD with small VSD but without
hemodynamic compromise. At 20 months of age, DGCR0016 presented with developmental
delay, most evident in the postural control and locomotor areas, growth restriction and the
characteristic facial gestalt to fulfill the criteria for a clinical diagnosis of KBG syndrome
(KBGS) (Supplementary Table 2) (Low et al. 2016).

The 40 year-old mother of the second prenatal proband, DGCR0019, had a history of
previous pregnancy termination due to trisomy 21 and was referred for amniocentesis at 17
weeks of gestation due to maternal anxiety. Postnatal medical examination of the newborn
was phenotypically normal. Besides slightly hypohidrotic skin noticed at four months of age,
no other health problem was noted.

Clinical phenotypes of retrospectively analyzed probands are described in
Supplementary Results (DGRCO0006 - t(8;14), DGRC0013 - inv(13), DGRC0025 - t(12;17),
and DGRCO0030 - t(1;3)) and summarized in Table 1. Clinical features of probands
DGRC0006 and DGRCO0013 do not match a specific genetic diagnosis, whereas DGRC0025
(Supplementary Fig. 1 and Supplementary Table 3) and DGRC0030 (Supplementary Fig. 2
and Supplementary Table 4) present clinical phenotypes matching a recently reported
ANKS1B haploinsufficiency syndrome (Carbonell et al. 2019) and Skraban-Deardorff

syndrome (SKDEAS OMIM #617616) (Skraban et al. 2017), respectively.



https://omim.org/entry/617616

Conventional prenatal diagnosis

Cytogenetic analysis of the CVS of DGRC0016 revealed a de novo apparently balanced
reciprocal translocation, 46,XX,t(16;17)(g24;g21.3)dn (Fig. 1a, b). CMA identified an 810
kb de novo deletion at 8g24.21 interpreted to be a variant of uncertain significance based on
a total score of -0.15 (1A, 2H, 3A, 41 and 5A criteria) obtained from the ACMG CNV
interpretation guidelines (Riggs et al. 2019). Karyotyping of the amniotic fluid cells of
DGRCO0019 revealed a de novo apparently balanced reciprocal translocation,
46,XY,1(2;19)(p13;g13.1)dn (Fig. 2a, b).The balanced nature of the translocations was
confirmed by CMA and breakpoints mapped on average with a 7 Mb resolution by
karyotyping.

Detection of SVs from liGS data

Two prenatal and four retrospective probands were sequenced using Illumina short-read (25
bp) sequencing of liGS libraries. Metrics for the libraries are summarized in Supplementary
Table 5. Physical coverage was between 42 to 88-fold whereas sequence depth was about
one-fold. Chimeric and improper read-pairs ranged between approximately 4 to 8%.

SVs were identified at liGS resolution of ~4.5 kb, but clinical reported at resolution of >
30 kb. A summary of identified chimeric read-pair clusters denoting translocations, ins, inv
and cx SV are shown in Supplementary Table 6. At clinical resolution, on average three fully
resolved, novel or non-polymorphic (<1%) SVs were discovered, whereas at liGS resolution,
an average of five additional novel or non-polymorphic SVs were identified.

Likewise, a summary of identified del and dup is shown in Supplementary Table 7. At a
clinical resolution of > 30 kb, an average of 18 del and dup were identified per proband, but
only four del and six dup are considered novel or non-polymorphic (<1%) based on the
SVref dataset (Collins et al. 2017). At liGS resolution, after filtering, an additional 14 del
and 15 dup were detected per patient.

Identification of breakpoints at nucleotide resolution
liGS of the fetal DNA sample DGRCO0016 identified the 16q breakpoint within a 70 bp
region (chr16:89,401,663-89,401,732) at 16g24.3, and the 17q breakpoint was delimited to a

9



2,300 bp region (chrl7:46,781,986-46,784,286) at 17921.31 (Fig. 1). A split-read was found
at the der(17) breakpoint. Sequencing of the second fetal DNA sample DGRC0019 identified
the 2p breakpoint within a 485 bp fragment (chr2:70,941,289-70,941,773) at 2p13.3, and the
19q breakpoint was mapped within a 132 bp sequence (chr19:32,878,469-32,878,600) at
19g13.11. Junction fragments for both cases were amplified and Sanger sequenced
(Supplementary Table 1 and Supplementary Figs. 3 and 4).

The karyotype of DGRCO0016 was revised to
t(16;17)(16pter—16q24.3::17g21.31—17qter; 1 7pter—17q21.31::16q24.3—16qter)dn, and
according to next-gen cytogenetics nomenclature (Ordulu et al. 2014) is described as
46,XX,1(16;17)(q24;921.3)dn.seq[GRCh38]
t(16;17)(16pter—16¢24.3(89,401,715)::17q21.31(46,784,035)— 1 7qter; 1 7pter—17p21.31(4
6,781,998::16q24.3(89,401,718)—16qter)dn. The translocation was reclassified as
unbalanced due to the 2,036 bp deletion identified at the 17g21.31 breakpoint
(Supplementary Fig. 3).

The karyotype of DGRCO0019 was revised to t(2;19)(19qter—19q13.11::2p13.3—>2qter;
19pter->19q13.11::2p13.3—2pter)dn, and according to next-gen cytogenetics nomenclature
is described as 46,XY,t(2;19)(p13;913.1)dn.seq[GRCh38] t(2;19)(19qter(-
)—19q13.11(32,878,515)::2p13.3(+)(70,941,507)—2qter;19pter—19q13.11(+)(32,878,512):
:CATA::2p13.3(-)(70,941,502)—2pter)dn.

Characterization of breakpoint regions
In DGRCO0016, the 16024.3 breakpoint at position chr16:89,401,715 disrupts IVS3 of

ANKRD11 (Ankrd11 repeat domain 11, OMIM *611192), whereas the 17g21.31 breakpoint

at position chr17:46,781,998 disrupts IVS1 of WNT3 (Wnt family member 3, OMIM

*165330) (Fig. 1). Haploinsufficiency of ANKRD11 causes AD KBGS (OMIM #148050)
(Sirmaci et al. 2011).
Homozygous pathogenic variants in WNT3 are associated (but not yet independently

confirmed) with recessive tetra-amelia syndrome-1 (TETAMS1, OMIM #165330), a severe

malformation syndrome that includes complete absence of all four limbs and other severe
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anomalies (Niemann et al. 2004). As both ANKRD11 and WNT3 are transcribed on the
negative strand, the translocation results in two chimeric genes (Supplementary Fig. 5).
Although the chimeric gene at the der(16) breakpoint lacks ANKRD11 exons 1-3, it has an
intact ANKRD11 open-reading frame downstream of WNT3 exon 1, translational initiation
codon and WNT3 5’ regulatory region.

Regarding the gene content of the 16924.3 breakpoint-spanning TAD (brTAD) in human
embryonic stem cells (hESC) (Dixon et al. 2012), the mitochondrial metalloprotease protein
coding gene, SPG7 (paraplegin matrix AAA peptidase subunit) associated with AR/AD

adult-onset spastic paraplegia 7 (SPG7, OMIM #607259) is localized 89 kb from the

breakpoint (Supplementary Fig. 3 and Supplementary Table 8) (Sanchez-Ferrero et al. 2013).
Concerning the 17g21.31 in the brTAD (Fig. 3), in addition to the disrupted WNT3, the
myosin light chain 4 gene (MYL4) is localized 425 kb distal to the breakpoint and is etiologic

in dominant atrial fibrillation, familial, 18 (ATFB18, OMIM #617280) with an age of onset

of 35 years (Orr et al. 2016). Further distal in the brTAD is ITGB3 or platelet glycoprotein
I1la, which has been reported to cause AR or AD platelet-related mild bleeding disorders

(BDPLT16, OMIM #187800).

In DGRCO0019, the 2p13.3 breakpoint at position chr2:70,941,502 disrupts 1VVS1 of

ATP6V1B1 (ATPase H+ transporting V1 subunit B1, OMIM *192132), whereas the

19g13.11 breakpoint at position chr19:32,878,515 is located within the 3° UTR of the

CEPB89 transcript NM_032816 (centrosomal protein 89, OMIM *615470) (Fig. 2). The

disrupted ATPase is a component of the vacuolar ATPases, a multi-subunit enzyme that
mediates acidification of eukaryotic intracellular organelles. Pathogenic variants within this

gene are reported to cause an AR distal renal tubular acidosis with progressive nerve

deafness (OMIM #267300) (Karet et al. 1999). A homozygous deletion comprising CEP89
and SLC7A9 has been reported in a patient with isolated mitochondrial complex IV
deficiency, intellectual disability and multisystemic problems (van Bon et al. 2013).

SLC7AO9, causing cystinuria (OMIN #220100) with AR and AD inheritance with incomplete

penetrance, was identified within the hESC and LCL GM12878 brTADs 8.75 kb proximal
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from the 19q13.11 breakpoint (Supplementary Fig. 6d and Supplementary Tables 9 and 10)
(Rao et al. 2014; Leclerc et al. 2002).

In DGRCO0006, the 8g12.3 breakpoint disrupts 1\VS1 of a large intergenic non-coding
(Linc) RNA LINCO01414 or RP11-32K4.1 with a brain-specific expression pattern and
unreported biological function (Supplementary Fig. 7). The 14¢g31.2 breakpoint is in a large
gene poor region.

In DGRCO0013, 1VS1 of FLT1 (Fms related tyrosine kinase 1, OMIM *165070) is

disrupted (Supplementary Fig. 8). FLT1 is a tyrosine kinase receptor for vascular endothelial
growth factors (VEGF) with important roles in angiogenesis and vasculogenesis. Although
this receptor has been implicated in development and homeostasis of many organs, it is not
yet associated with a human disorder (Tjwa et al. 2003). Flt1 knockout mice models show
increased angiogenesis, left ventricle wall thickening and enlargement of the left ventricle
cavity, only the last of which is consistent with the DGRC0013 phenotype (Fong et al. 1995;
Mei et al. 2015). However, it is not unsurprising that a disruption of a single allele in FLT1 is
not totally representative of the loss-of function phenotype in the knockout mouse. No Flt1
knockout mice study showed abnormalities of the tricuspid valve as did DGRC0013, but the
repression of VEGF was described as part of the mechanism for heart valve morphogenesis
(Chang et al. 2004). Moreover, the enhanced expression of FLT1 in atrioventricular valves,
per FANTOM CAT browser, correlates with the reported valve abnormality in the patient
(Hon et al. 2017).

In DGCR0025, ANKS1B (Ankrd11 repeat domain 11, OMIM *611192) IVS9 is

disrupted (Supplementary Fig. 9). ANKS1B is a tyrosine kinase effector of activity-dependent
post-synaptic signaling and a component of the postsynaptic density complex (Jordan et al.
2007). ANKS1B shows an enriched brain-specific expression pattern. Recently, monogenic
heterozygous microdeletions in ANKS1B have been reported to cause a spectrum of
neurodevelopmental phenotypes (Carbonell et al. 2019).

Finally, in DGRCO0030 the breakpoints disrupt exon 12 of WDR26 (WD repeat-

containing protein 26; OMIM *617424) and 1VVS1 of ATP2B2 (ATPase plasma membrane
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Ca2+ transporting 2; OMIM *108733) (Supplementary Fig. 10). Pathogenic variants in these

genes are reported to cause AD SKDEAS and AD non-syndromic sensorineural hearing
impairment, respectively (Skraban et al. 2017; Smits et al. 2019).

Genomic imbalances

The median size of del and dup at clinical resolution is 64 and 49 kb, respectively. Two
deletions, 53.512 kb at 3p24.1 (27,354,680-27,408,191) and 836.049 kb at 8g24.21
(129,061,233-129,897,281), identified in DGRCO0016 (Supplementary Figs. 11, 12 and
Supplementary Table 11) were not found in public CNV databases. The deletion at 3p24.1,
classified as a VUS with a total score of -0.45 (1A, 3A, 4J(-0.30), 5C(-0.15)) according to
ACMG CNV criteria (Riggs et al. 2019), is present in the proband’s phenotypically normal
mother and brother, and therefore unlikely to contribute to an abnormal phenotype. As for
the 836.047 kb de novo deletion, none of the affected genes has been considered to cause a
reported phenotype and the deletion is interpreted as VUS according to ACMG CNV criteria
(Riggs et al. 2019). Moreover, although several genetic traits have been associated by GWAS
with the affected genomic region, none of these represent developmental disorders
(Supplementary Table 12). Posteriorly, this SV was considered as unrelated to the patient's
reported clinical features. Regarding DGRC0019, with the exception of a 12,033 bp deletion
within the olfactory receptor family 5 subfamily B pseudogene region
(chrl1g12.1:58336732-58348764), no other proband-specific alteration was detected
(Supplementary Table 13).

Proband-specific del and dup identified in the retrospectively analyzed probands are
summarized in Supplementary Table 14, and inv, ins and cx SV in Supplementary Table 15.
Most likely, none of these SVs has a pathogenic implication.

Expression studies

From the disrupted genes in prenatal probands, only ANKRD11 and CEP89 are ubiquitously
expressed in LCLs. WNT3 shows skin enriched expression, whereas ATP6V1B1 has kidney,
lung and skin enhanced expression (Supplementary Figs. 13 and 14). Expression array
profiling of the t(16;17) proband’s LCLs shows that due to low sensitivity of this HTA 2.0
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array, the whole gene expression level of ANKRD11 is roughly the same as that in controls
(7.77 vs. 7.85, SD 0.09) whereas that of WNT3 is increased (5.86 vs. 4.6, SD 0.01)
(Supplementary Table 16). The increased WNT3 exon 5 signal intensity (33.58) may explain
the observed whole gene elevated WNT3 expression (Supplementary Fig. 15). Expression
levels of the remaining genes from both brTAD were roughly similar to controls
(Supplementary Table 16).

HTA 2.0 expression data of cultured human amniocytes are not available in the
literature. Therefore, expression data of the t(2;19) proband’s cultured amniocytes were
compared to LCLs as control. Noticeable altered expression above the threshold of the
microarray was not observed at the level of gene, exon or exon splicing (data not shown).
Predictability of the phenotypic outcome of dnBCA
The pathogenicity of an SV should be assessed separately for each breakpoint and jointly as
a single alteration. In the absence of established guidelines or criteria for classification of
SV, we based our classification on ACMG criteria for sequence variants (Richards et al.
2015). Variant classification and clinical interpretation of BCAs is summarized in Table 1.

During PND of DGRCO0016, the t(16;17) rearrangement at 16¢924.3 was classified as
PM6 (ACMG criterion PM6 - assumed de novo, but without confirmation of paternity and
maternity) and the absence of ANKRD11 exons 1-3 in the der(16) as PSV1 (Table 1).
Therefore, the 16g24.3 rearrangement was interpreted as a likely pathogenic variant, most
likely leading to a KBG syndrome-like phenotype. Postnatally, it was further classified as
PP4 (PP4 - patient’s phenotype and family history highly specific for a disease with a single
gene etiology). Moreover, although KBG syndrome is typically milder and less frequently
diagnosed in females, the patient’s clinical features meet the diagnostic criteria for KBG
(Richards et al. 2015) (Supplementary Table 2) and therefore the ACMG interpretation was
upgraded to pathogenic (Table 1).

During PND of DGRCO0019, the t(2;19) rearrangement at 2p13.3 was also classified
as PM6 and according to our interpretation criteria (Table 1) was predicted to have a “Low
potential of disease.”
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For DGRCO0006, none of the affected genes or identified genomic alterations is
associated with pathologies nor show overlap with the patient’s phenotype. Furthermore,
GWAS data do not reach genome-wide statistical significance (Supplementary Table 17).
Therefore, based on our criteria we consider this variant as “Non-disease causing” (Table 1).

In DGRC0013 and DGRC0025, dnBCA breakpoints directly disrupt genes with a low
ratio of observed / expected (oe) number of LoF variants indicating a strong LoF intolerance
(Table 1 and Supplementary Tables 18 and 19) but neither are curated in ClinGen. Both SVs
(i.e., involving FLT1 and ANKS1B) can only be scored to PM®6, but based on our criteria are
predicted to be “Disease plausible” (Table 1). Of note, the clinical phenotype of DGRC0025
matches a recently reported ANKS1B haploinsufficiency syndrome (Carbonell et al. 2019).

Finally, in DGRC0030, the SV disrupting the disease gene WDR26 was classified as
PVS1, PM6 and PP4 corresponding to pathogenic by ACMG criteria (Richards et al. 2015).
Thus, for the WDR26 variant our interpretation was “Disease causing” and the proband’s
clinical phenotype coincides with that of age-matched patients with SKDEAS (Skraban et al.
2017). ATP2B2 is not curated as a dominant disease locus (Supplementary Table 20), but the
ATP2B2 variant is classified as “Disease plausible” (Table 1).

TAD analysis

It is now clearly established in the literature that disruption of TADs and the creation of neo-
TADs are dominant mechanisms of SVs (Lupiafiez et al. 2015; Franke et al. 2016). The main
source of knowledge of TAD maps are generated by chromosome conformation capture (Hi-
C) data. Details of TADs involved in DGRCO0016 are presented in Fig. 3. None of the
t(16;17) breakpoints disrupt an interaction loop (data not shown) (Rao et al. 2014). Hi-C
contact heatmaps of the t(2;19) breakpoint regions for LCLs and IMR90 are shown in
Supplementary Fig. 6. Although the 2p13.3 breakpoint disrupts two interaction loops
(Supplementary Fig. 6ab) (Rao et al. 2014), none of the involved genes shows LoF

sensitivity.
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DISCUSSION

Genome sequencing data of two ongoing fetal and four retrospective samples with
dnBCA identified during conventional PND were analyzed by liGS, followed by
comprehensive structural analyses of candidate genes from the disrupted bpTADs and
prediction of the phenotypic outcome. Moreover, to facilitate implementation of this
analysis, two new bioinformatic tools applicable in the clinical setting have been developed.
Using this information and the developed bioinformatic tools, we propose an analytical
workflow for identification and interpretation of de novo SVs in their genomic landscape
(Fig. 4).

In DGCRO00186, translocation breakpoints disrupt a single allele of ANKRD11 and of
WNT3, wherein haploinsufficiency of ANKRD11 causes AD KBGS. KBGS was first
reported by Herrmann et al. (1975) in three unrelated families with the surnames initials
being K, B and G. The common phenotypic characteristics of this multiple congenital
anomaly comprises, among others, a characteristic facial appearance (including protruding
ears and hypertelorism), hand anomalies, neurologic involvement, and postnatal short stature
(Skjei et al. 2007), which are consistent with the phenotype observed in the patient and fits
KBGS diagnostic criteria (Low et al. 2016).

In DGCRO0019, translocation breakpoints disrupt genes tolerant to LoF variants,
ATP6V1B1 and CEP89. No gene causing AD or developmental disorder was identified
within the bpTADs. The predicted outcome was confirmed by absence of a postnatal clinical
phenotype. Nevertheless, longer term follow-up would be warranted to exclude any later
onset of a disorder that might be associated as recently demonstrated for prenatally detected
dnBCAs (Halgren et al. 2018) or natural history of individuals with postnatal dnBCAs
(Currall et al. 2018).

Of the four retrospectively analyzed dnBCAs, similarly to the aforementioned
DGCRO0016, disruption of WDR26 predictably will lead to SKDEAS. The patient's clinical
phenotype highlights that these phenocopies, SKDEAS and 1q41942 deletion syndrome, are
primarily caused by disruption of WDR26.
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Although the breakpoints of dnBCAs inv(13) and t(12;17) disrupt genes not yet curated
in ClinGen, the fact that these are significantly LoF intolerant genes involved in several
biological processes, reinforced by convergent evidence, led us to predict that they are
“Disease plausible”. Furthermore, DGRC0025 clinical phenotype overlaps ANKS1B
haploinsufficiency syndrome.

Finally, for the postnatal phenotype of DGRCO0006, the t(8;14) variant is predicted as
“Non-disease causing.” Although pathogenic cx SVs smaller than our clinical resolution
cutoff have been reported (Sanchis-Juan et al. 2018), at the higher resolution of liGS no
additional presumably pathogenic SV was identified in DGRC0006. Exome sequencing (ES)
has not been performed, and other non-genetic factors unrelated to the translocation may be
responsible for the phenotype (e.g., environmental or multifactorial factors).

Short-read sequencing by either genome sequencing (GS) or ES has been applied in the
prenatal setting. ES in fetuses with structural anomalies was recently elucidated in a large-
scale study (Lord et al. 2019; Petrovski et al. 2019) revealing a genetic etiology in about 10%
of affected fetuses. However, short-read sequencing is not optimal for identification of SVs.
The physical coverage of GS is relatively low, whereas ES is high but will miss breakpoints
localized within non-coding sequence. The long-insert size of the liGS libraries, intended for
identification of BCAs and CNVs, and low read size results in high physical but low
sequence coverage.

The lack of transcriptome data on gestational age- and sex-matched first trimester cells
from CVS and amniotic fluid is a current limitation for introduction of gene expression
analysis in the clinical prenatal setting. Clearly, the future of prenatal diagnosis for SVs will
require generation of gene expression data by RNA-Seq linked to Hi-C of CVS cells and
amniocytes, as is available now in public databases for adult tissues. Presently, the
interpretation of current PND of dnBCAs could be limited to disruption of major dominant
genes leading to Mendelian disorders as occurred for ANKRD11, WDR26 and ANKS1B.

Nonetheless, cytogenetics laboratories should be attentive to take into consideration the
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architectural features of genomes to address fully the disease potential of a SVs (Lupiafiez et
al. 2015).

In comparison to karyotyping and CMA analysis, we demonstrate the benefits of an
liGS-based approach and our clinically inspired pipeline for identification of dnBCA
breakpoints and interpretation of the genomic landscape on which these occurred in the
prenatal setting. We show the predictability of the clinical outcome of these BCAs and plan
to provide updated bioinformatic tools to facilitate data analysis and a workflow for

implementation of genome sequencing in the diagnostic prenatal setting.
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Figure legends

Fig. 1 Ideograms, partial karyotype and liGS-based localization of the t(16;17)(g24.3;921.3)dn
breakpoints at genomic and gene levels. a, b Ideograms and GTL-banded normal and derivative
metaphase chromosomes. Chromosome 17 ideogram is shaded in yellow. Beside the derivative
ideograms the karyotype and liGS-based resolution of the breakpoints are specified. Filled
diamonds or arrows indicate chromosome breakpoints. Karyotype resolution indicates the size
of the identified disrupted chromosome band. ¢, d Localization of the t(16;17)(q24.3;g21.3)dn
breakpoints at genomic and gene level based on the translocation-specific chimeric cluster.
Black and blue arrowheads depict chimeric reads aligned to chromosomes 16 and 17,
respectively. Below, gene structure of the disrupted genes, reference transcript numbers and the
translational initiation codons (ATG) are indicated. A split-read between positions
chrl7:46,781,986 and chr16:89,401,732 identified at the der(17) breakpoint is shown by a

double arrowhead.

Fig. 2 Ideograms, partial karyotype and liGS-based localization of the t(2;19)(p13.3;g13.11)dn
breakpoints at genomic and gene levels. a, b Ideograms and GTL-banded normal and derivative
metaphase chromosomes. Chromosome 19 ideogram is shaded in yellow. Beside the derivative
ideograms the karyotype and liGS-based resolution of the breakpoints are specified. Filled
diamonds or arrows indicate chromosome breakpoints. Karyotype resolution indicates the size
of the disrupted chromosome band established by metaphase analysis. ¢, d Localization of the
t(2;19)(p13.3;913.11)dn breakpoints at genomic and gene levels based on the translocation-
specific chimeric cluster. Black and blue arrowheads depict chimeric reads aligned to
chromosomes 2 and 19, respectively. Below, gene structure of the disrupted ATP6B1, reference
transcript number and the translational initiation codon are indicated. Additionally, the genomic

position of the 19913.1 breakpoint within the 3’UTR of CEP89 is shown.

24



Fig. 3 TADs spanning translocation breakpoints of t(16;17) in LCL GM12878, IMR90, and
hESC, and chimeric TADs from derivative chromosomes. a 16924 breakpoint region. b 17921.3
breakpoint region. Chromosome 16 TADs are depicted in black or gray, whereas those of
chromosome 17 in blue or light blue. Below the TAD tracks, CCCTC-binding factor (CTCF)
sites from the analyzed region are shown according to the Chip-seq track in IMR90 fibroblasts
(IMR90 CTCF IgG-rab ChIP-seq Signal from ENCODE/SYDH; ENCODE Project
Consortium). Horizontal lines with folded gray arrowheads indicate the position of genes in
sense and antisense orientations. Genes are color-coded according to their haploinsufficiency

index (HI) available at https://decipher.sanger.ac.uk/ and their LoF intolerance, expressed as oe-

ratio of LoF variants stated below the genes (http://gnomad.broadinstitute.org/). ANKRD11

causing KBGS is marked with a hash mark (#). Data for IMR90 fibroblasts, hESCs and LCL

GM12878 are according to Dixon et al. (2012) and Moore et al. (2015), respectively.

Fig. 4 Proposed workflow for nucleotide level resolution and interpretation of de novo structural
rearrangements in their genomic landscape in prenatal diagnosis. a In the case of BCAs associated
with fetal anomalies or de novo SVs, concomitantly with the conventional PND protocol, liGS
should be performed for nucleotide level resolution of the rearrangement breakpoints in their
genomic landscape. Inherited BCAs are referred to a clinical geneticist to lay out the follow-up
required, including potential inclusion of liGS. Foreseeably, upon improvement of liGS-based
methods, all prenatally identified non-polymorphic SV may be analyzed by such an approach.

b Long-insert based genome sequencing such as mate-pair, with short or medium reads, from 2 x
25 to 250 bp, can be used. Increasing the sequence coverage enables identification of SNV and
indels from the same sequencing data.

¢ The proposed bioinformatic workflow:

i) Sequence data decoded in different types of read-pairs,

if) Clusters denoting different types of balanced and unbalanced SVs (translocations, ins, inv, cx
SV, del and dup) are identified at the liGS resolution,

iii) Identification of cluster-specific split-reads,
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iv) Genomic regions comprising deletions and tandem duplications revealed by the two

procedures merged,

v) Potentially pathogenic candidate genes, genomic loci and CNVs revealed by bioinformatic
tools TAD-GConTool and CNV-ConTool, and

vi) Analysis of the disrupted or dysregulated genes and CNVSs, orthogonal confirmation,

validation, and preparation of report by a certified medical geneticist.
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Table 1 Overview of phenotypes, sequencing results and interpretation, and clinical outcomes of patients with dnBCAs

Sequence Chromo- Clinical
Indication for based some Disrupted gnomAD ACMG variant interpretation
Subject PND karyotype band genes oe (90% CI) interpretation® and prediction® Postnatal clinical phenotype
Prenatally analyzed probands
DGRC0016 Increased risk for seq[GRCh38] 16g24.3 ANKRD11 0.05 (0.02 - 0.11) Prenatal: Likely Disease causing KBG syndrome (Supplementary
aneuploidy t(16;17)(g24.3;921 pathogenic, Table 2)
following 1st .31)dn Posnatal:
trimester combined Pathogenic
tests and 17¢g21.31 WNT3 0.13 (0.05 - 0.39) Non-disease Non-disease
increased nuchal associated gene causing
translucency
DGRCO0019 Maternal anxiety seq[GRCh38] 2p13.3 ATP6V1B1  0.63(0.43-0.93) VUS Low potential of Healthy newborn
and advanced t(2;19)(p13.3;g913. disease
maternal age 11)dn 19g13.11 CEP89 0.93 (0.72 - 1.21) Non-disease Low potential of
associated gene disease
Retrospectively analyzed probands
DGRCO0006 Advanced seq[GRCh38] 8g12.3 LOC102724 nd Non-disease Non-disease Small for gestational age
maternal age and t(8;14)(g12.3;g931. grz‘?F){Pll- associated gene causing (HP:0001518); Failure to thrive
previous child with ~ 2)dn 32K4.1¢ (HP:0001508); Feeding difficulties
psychomotor 14g31.2 none Non-disease (HP:0011968); Moderate global
developmental causing developmental delay (HP:0011343);
delay Precocious puberty in females
(HP:0010465)
DGRC0013  Advanced seq[GRCh38] 13qg12.3 FLT1 0.14 (0.09 - 0.24) Non-disease Disease plausible Infantile muscular hypotonia
maternal age inv(13)(q12.3921. associated gene (HP:0008947); Moderate global
1)dn developmental delay
13g21.1 none Low potential of (HP:0011343);Generalized joint laxity

disease

(HP:0002761); Recurrent upper tract
respiratory infections (HP:0002788);
Bilateral cryptorchidism
(HP:0008689); Phimosis




(HP:0001741); Abnormality of the
tricuspid valve (HP:0001702)

DGRC0025 Increased risk for seq[GRCh38] 12g23.1 ANKS1B 0.10 (0.05 - 0.20) Non-disease Disease plausible =~ ANKS1B haploinsufficiency
aneuploidy t(12;17)(923.1;921 associated gene syndrome (Supplementary Table 3)
following 1st .33)dn 17921.33 none Low potential of
trimester combined disease
tests and
increased nuchal
translucency

DGRC0030 Advanced seq[GRCh38] 1g42.11 WDR26 0.00 (0.00 - 0.08) Pathogenic Disease causing Skraban-Deardorff syndrome
maternal age t(1;3)(q42.11;p25. (Supplementary Table 4)

3)dn 3p25.3 ATP2B2 0.06 (0.03 - 0.15) Non-disease Disease plausible ~ Nonsyndromic sensorineural hearing

associated gene

impairment

aACMG variant classification according to ClinGen guidelines non-disease genes require first gene curation and then variant classification. PDisease
and phenotype interpretation categorized as: i) disease causing, ii) disease plausible, iii) low potential of disease, and iv) non-disease causing, the
criteria are described in Supplementary Information €Intergenic long non-coding RNAs (IncRNAs); The observed / expected (oe) score is from the
Genome Aggregation Database (gnomAD; http://gnomad.broadinstitute.org/); nd= no data
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Supplementary Material and Methods

Ethics statement, karyotyping and CMA

This study was approved by the Ethics Committee of the National Institute of Health
Doutor Ricardo Jorge and was carried out according to the Principles of the
Declaration of Helsinki of the World Medical Association. Samples were obtained after
informed consent of the participants or their legal representatives. Secondary use of
DNAs was approved by the Partners HealthCare IRB under the Developmental
Genome Anatomy Project (DGAP) protocol.

Analysis of genomic DNAs using Affymetrix (now ThermoFisher Scientific
(Waltham, MA, USA)) CytoScan 750K or CytoScan HD microarrays was performed
according to the manufacturer’s instructions with the analysis parameters of marker
count 15 and size 35 kb.

Affymetrix Human Transcriptome Array 2.0 data analysis

Affymetrix Human Transcriptome Array 2.0 data analysis was performed using the
Transcriptome  Analysis Console (TAC -4.0) annotation file  HTA-
2_0.r3.na36.hgl9.al.transcript.csv. Gene level and alternative splicing analyses were
performed using the Signal Space Transformation -Robust Multichip Average method
for background correction and intensity normalization, according to the user manual.

The array detection limit is at a 2-fold change. Fold change (in linear space) of
exons and their corresponding junctions (splicing index) were obtained based on
normalized exons and junction probe set intensities, respectively.

Large-insert or large-insert jumping genomic sequencing library
preparation and sequencing

Large-insert genomic sequencing (liGS) libraries were generated according to the liGS
procedures described by Talkowski and coworkers (Talkowski et al. 2011). In brief, 5
pg of fetal DNA was randomly sheared for a target size of 3 kb, end-repaired, ligated
with EcoP15I cap adapter, and after gel size selection of DNA fragments, circularized
using a biotinylated internal adapter containing 2 nt overhangs. Post-circularization
steps included DNase digestion of non-circularized products, EcoP15I digestion, end-
repair of digested DNA fragments, and binding through the biotinylated internal
adapter of DNA fragments containing short pieces of DNA from both ends of the inserts
to streptavidin-coated magnetic beads.

The following steps of dA tailing, ligation of universal and barcode adapters and
PCR amplification with specific primers were carried out on these streptavidin bead-
bound DNA fragments. Finally, PCR products were separated from the streptavidin
bound fragments and an approximately 200 bp amplicon was gel purified. Multiplex
paired-end, 25/26-cycle sequencing of the resulting libraries was performed on an
lllumina HiSeq 2000.



Bioinformatic analysis of sequencing data

Bioinformatic analysis of sequencing data was carried out as previously described by
Talkowski et al. (2011) and Collins et al. (2017).

In brief, overall quality of sequencing data was assessed by FastQC v0.11.4 and
raw read pairs (R1) and (R2) in reverse-forward (outward-facing) orientation converted
to standard forward-reverse (inward-facing) orientation by using Seqgtk Version 1.0-
r82.

The converted mate-pair FASTQ files were aligned with Burrows-Wheeler short-
read aligner (BWA v0.7.12) to the reference genome GRCh38/hg38.p9. The alignment
output SAM file converted to the binary BAM file format using sambamba v0.6.5 (Li
and Durbin 2009; Tarasov et al. 2015).

In a post-processing step, aligned read duplicates are marked and removed by
picard tools v1.119 and sambamba vO0.6.5, respectively. Then each read is locally
realigned using the 1000 Genomes Project datasets as reference for
insertions/deletions (indels) by the indelRealigner of the Genome Analysis Toolkit
(aatk v3.8.1). Finally, base quality is recalibrated using GATK v3.8.1 BaseRecalibrator
and the resulting alignment BAM file is coordinate and name sorted by sambamba
v0.6.5.

Subsequently, the BAM file containing aligned and name sorted read-pairs was
converted to SAM and submitted to the in-house python script improperCLAS.py. The
script starts by sampling 10,000 proper-pairs to calculate median and standard
deviation (SD) of the insert size (IS). Then, it categorizes the improper pairs as (i)
interchromosomal (interchr) or chimeric, if the reads of the same pair are mapped in
different chromosomes; (ii) inversion (inv) improper-pairs, if both reads of the same
pair are mapped in the same orientation; (iii) deletion (del) for inward facing and (iv)
duplication (dup) for outward facing read pairs with an IS larger than the median
IS+3*IS SD, previously calculated.

Improper pairs were clustered together by mapping position using readPairCluster
v0.1.0. (Talkowski et al. 2011), creating a set of clusters for each category: chimeric,
inv, del and dup.

Clusters with = 30% overlap with biased genome regions showing systematic
short-read mappability biases were filtered out based on a so-called “blacklist”. The
bulk of the blacklist includes genomic regions with consistently high sequencing depth,
compiled by Layer et al. (2014). In addition, the blacklist includes annotated gaps in
the reference genome assembly GRCh38/hg38.p9 as well as annotated centromeric,
telomeric genomic regions.

Chimeric and inv clusters were divided (if possible) according to their pair
orientation, defining two breakpoint specific sub-clusters. Chimeric sub-clusters with
less than three read-pairs were discarded.

The chimeric sub-clusters were interpreted for the identification of translocations
and interchr insertions (ins), while inv sub-clusters were interpreted for the
identification of inv, intrachromosomal (intrachr) ins and complex (cx) structural
variants (SV). According to Collins et al. (2017) cx variants involve two or more
different distinct SV signatures or three or more breakpoints.

Simultaneously, depth-of-coverage (DoC) analysis was performed to allow a cross
validation of the genomic imbalances. Concisely, proper read-pairs of the analyzed six
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cases and 27 controls, were submitted to cn.MOPS v1.24 R package, with slight
modifications. By default, cn.MOPS divides the genome into 1 kb bins and counts the
number of reads per bin; the introduced modification allows cn.MOPS to count all the
bins that a proper read-pair insert spans, not only the bins where the reads are
mapped. DoC analysis was performed with 1 kb, 3 kb, 10 kb and 30 kb resolutions,
allowing the identification of alterations larger than 3 kb, 9 kb, 30 kb and 90 kb,
respectively. The results of the four different resolutions were combined using bedtools
v2.27.1 merge (Quinlan and Hal 2010), and filtered with the blacklist, as described
above for the clustering results.

The filtered DoC results and blacklist-filtered del/ tandem duplication (dup)
clusters, were cross validated and searched in SV reference dataset (SVref dataset;
Collins et al. 2017). Alterations acknowledged in two of the three (cluster, DoC, SVref
dataset) were reported. Potentially pathogenic, novel or non-polymorphic (<1%
frequency on SVref dataset) SV were analyzed in more detail using CNV-ConTool.
Statistical significance was verified using CNView Collins et al. (2016).

The expected resolution of our analysis, liGS resolution, is equal to the median IS
plus twice the SD, i.e., ~4.5 kb. However, as long as read-pair clusters do not overlap
low-complexity regions, our clinically oriented pipeline includes all translocations and
interch ins, unbalanced SV such as del and tandem dup above 30 kb, and inv, intrachr
ins and cx variants above 10 kb.

Identification of cluster specific split-reads

A sequence read that overlaps a balanced or unbalanced SV breakpoint is considered
a split-read. The detection of such reads enables straightforward identification of
breakpoint junctions at nucleotide resolution. Currently, for short reads, standard
alignment software is unable to perform such task. The use of short reads makes
identification of split-reads difficult, because alignment of sequence reads to multiple
genomic positions is inversely proportional to their size. Additionally, although
theoretically possible, searching for split-reads at genome level would require a large
amount of computational resources.

For identification of split-reads, an algorithm was developed assuming that: a)
split-reads were not mapped in previous steps; b) a sub-cluster that defines the
narrowest breakpoint interval has been identified; and c) the pair of the split-read is
mapped within the breakpoint defining cluster and is marked in the SAM file as
‘unmapped-mate”.

To implement the algorithm, a custom python tool — Cluster specific split-read
finder — was developed (source code is submitted on GitHub:
https://github.com/DGRC-PT/cluster_specific_split read_finder). The script depends
on the BWA software for read mapping and on an application programming interface
(API) for connection to the NCBI database through biopython v1.68 (Cock et al. 2009),
to retrieve FASTA sequences of specific genomic regions.

The algorithm uses as mapping reference the genomic position of the narrowest
breakpoint-spanning interval defined by each breakpoint specific sub-cluster, plus 25
bp on each side, or in tandem dup and ins cases 5 kb regions on each side of the
duplicated/inserted region.

Additionally, it requires the reference genome version and the SAM file obtained
from the initial mapping.


https://bioconductor.org/packages/release/bioc/html/cn.mops.html
https://github.com/DGRC-PT/cluster_specific_split_read_finder

The algorithm can be divided in two parts: data selection, where the potential split-
reads and breakpoint regions are selected and prepared for analysis; and read
processing, where BWA tries to map iteratively the potentially split-reads against the
breakpoint regions. An example with a translocation cluster is depicted in Fig. S1.

Data selection consists of:
i) retrieving the FASTA sequences for mapping reference through NCBI APl and BWA
indexing; and
ii) selection, from the SAM file, of unmapped mate read-pairs localized within the
breakpoint defining clusters, for posterior processing.

Read processing includes:
i) alignment of the first and last 5 bp, designated as read chunks, of each unmapped
read, against the reference sequences, and storage of the mapping data;
ii) repeated realignment of chunks after sequentially increasing their size by 1 bp until
no read chunk has a possible alignment or until the chunk size reaches the unmapped
mate read size; and
iii) validation of alignment results, outputting only those where read chunks of an
unmapped read were mapped to different breakpoint regions, and the sum of the
length of the chunks is equal or greater than 80% length of the unmapped read. To
contemplate the possibility of ins in the breakpoint regions, the output also includes
reads where only one of the chunks mapped, since that chunk comprises at least 68%
of the read length.

Results are further validated based on the plausibility of their genomic positions,
their orientation relative to each other, to the karyotype and to the reciprocal
breakpoint.
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Fig. S1 Identification of split-reads
a Translocation cluster identified by [IiGS data analysis. Arrowheads depict reads.
Reads mapped to chromosome 16 are in gray whereas those on chromosome 17 are



in blue. Arrowheads linked with dashed line are mate-pair read-pairs. Mate-pair reads
in different colors are improper pairs. The unmapped-mate read is colored in violet.
Open diamonds indicate the chromosome 16 and 17 translocation breakpoint regions
defined between genomic positions a-b and c-d, respectively. Triangles indicate the
narrowest breakpoint-spanning intervals between a’-b’ and c¢’-d’.

b Data selection step. The retrieved narrowest chromosome 16 and 17 breakpoint-
spanning FASTA sequences are in dark blue and gray, respectively. The additional
flanking sequences on each side are in light blue and gray, respectively.

Below are shown lines of the SAM file corresponding to the unmapped-mate read-pair,
where the first line corresponds to the mapped read and the second to the unmapped
read. SAM flag defines read properties, including mapped and unmapped (Sequence
Alignment/Map format specification). As default, BWA transcribes the chromosome
and the genomic position of the mapped read for the unmapped-mate. The insert size
is zero due to the unmapped read.

¢ Successive alignment steps of read chunks to the reference FASTA sequences.
Arrows indicate the breakpoint positions.

d Nucleotide sequence of the der(17) junction fragment aligned against the identified
split-read (also see Supplementary Fig. 3).

The script for the identification of split-reads is executed by the command line:

% python split reads V8.py [chr:a-a’-b’-b] [chr:c-c’-d’-d] [SAM
file] [reference genome] [inv/trans/del/dup/ins]

The specific command line used for identification of the t(16;17) split-reads is:

% python split reads V8.py 16:89397524-89401663-89401740-
89406126 17:46778167-46781861-46784260-46788185
DGRCO016 complete aligmenet.sam hg38 trans

Output results in tab-separated text format from the command-line interface and in
table format are shown below (Table S1).

Origing] read name  Chunk Read Name Orientation  Size  Position Sequence Nate Position Mat orientation
ANT-D00449:125 HVGDADKX 1 2104:19298: 79343 HWT-DOD449: 125 :VGNDADNX:L:2004:1 929879343 26, start  reverse 13 16:39400718-8%401730  GTGGGCCCTCACC  L7:46779618-46779645  farward
HT-00049:125 HVGDADI 1 2104:19298: 7934 HT-DO0440: 125 cHVGNDADN: L2004, 1929879343 26, end  reverse 13 17:46781987-46782000  CTCAGRAGCTTCT  L7:46779613-46779645  farward

Table S1 Output results of the t(16;17) split-read identification in table format

- Chunk ,,. . Mate alignment Mate
Original read name  Chunk read name Strand _. Alignment position Sequence o 9
size position Strand
HWI-D00449-125-HVGNJAD HWI-D00449:125:HVGNJAD _ 17:46779619-
XX:A:2114-19298.79343  XX:1:2114:19208.79343 start Reverse 13 16:89401719-89401732 GTGGGCCCTCACC 46779045 Forward
HWI-D00449:125:HVGNJAD HWI-D00449:125:HVGNJAD , 17:46779619-
XX1:2114:1920879343  XX-1:2114:19208.79343.end Reverse 13 17:46781987-46782000 CTCAGAAGCTTCT 40779645 Forward

The output includes the name of the original read and respective chunks (the
chunk name is similar to the read name, with the suffix .start/.end according to the
position of the aligned chunk within the unmapped read), the orientation in which the
chunk is mapped, the size, position and sequence of the chunk, and information about
its previously mapped mate.

Although the der(17) split-read is given as an example, split-reads defining del,
dup, inv and ins breakpoints have been identified.
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Four such instances are:

i) in DGRCO0016 a 53 kb del at 3p24.1 shown at Supplementary Fig. 12
(chr3:27,354,65 AAGGAAGGGCAGTTC::chr3:27,408,191_ACTTATCTATA);

i) in DGRCO0006 a 16 kb inv at 4p13 (see Supplementary Table 15)

(GCTGC _chr4:43,736,483::.chr4:43,751,504 CTCCACTTTCTATACCTTAA);

iii) in DGRCO0025 a polymorphic 193 kb dup at 4913.1
(chr4:63,872,078_GTACAG::CA:.chr4:63,674,807_GAAAAAGAACCCCAAAC); and
iv) in DGRCO0006 an interchr inverted ins of a 29 kb fragment from 2g36.3 to 15g26.1
(chr15:93,296,516  ATAAGAAAAAAAATACG:.GCCATGAA chr2:227,358,389).

The TAD-Gene Content Tool (TAD-GConTool)

The TAD-GConTool was developed in python with a Common Gateway Interface
(CGlI) that allows easy, user-friendly applications through any internet browser. The
source code of the tool is submitted to GitHub: https://github.com/DGRC-PT/TAD-
GConTool and, can be accessed online at http://dgrctools-insa.min-saude.pt.

Based on genomic positions of rearrangement breakpoints the tool identifies
breakpoint Topologically Associated Domains (brTADs) and adjacent TADs (upstream
TAD-1 and downstream TAD+1), as well as protein coding and non-coding RNA
genes, at exon/intron resolution, disrupted by the breakpoints. Genomic position of
TAD boundaries in human embryonic stem cells (hESC) and IMR90 fibroblasts
(IMR90) are according to Dixon et al. (2012) whereas in human lymphoblastoid cell
line (LCL) GM12878 is according to Moore et al. (2015). Because the referred TAD
boundary coordinates are only available in the GRCh37/hgl19 genome version, these
were converted to the GRCh38/hg38 genome assembly using the UCSC Batch
Coordinate Conversion (liftOver) tool.

To run the TAD-GConTool, the necessary input data are shown in Fig. S2:
i) the reference genome assembly;
i) the reference cell line (different cell types must be analyzed independently);
iii) the additional adjacent TADs to be included in the report table (by default, the three
TADs are selected for the complete table whereas only the brTAD is included in the
report table);
iv) the type of alteration; and
V) the breakpoint information (chromosome and genomic positions).
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TAD-Gene Content Tool (TAD-GConTool)

This tool was developed to ion of the sutcoma of of genemic structural variants
(unbalanced and balanced transiocations, inversion, insertion, deletions, duplications or of a specific genomic region),
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Fig. S2 Landing page of the TAD-Gene Content Tool

The necessary input parameters must be selected as follows:

i) genome version;

i) reference cell line;

iif) additional adjacent TADs (TAD-1 and TAD+1) to be included in the report table;
iv) within the drop-down list, the alteration type to be analyzed; and

v) data defining the SV (chromosomes and breakpoints information).

Finally, pressing the “Submit” button will launch the tool.

By default, the complete table includes all three TADs (TAD-1, brTAD and TAD+1)
whereas the reference table only the brTAD. In this case, unbalanced translocations
are those resulting from unequal meiotic segregation of balanced translocations. The
tool is unable to handle complex chromosome rearrangements; therefore, these must
be subdivided into separate or simpler alterations.

Subsequently, the tool retrieves a series of protein-coding and non-coding RNA
genes and genomic elements found within the selected TADs and associated
structural and functional information, summarized in Table S2. In addition, the tool
retrieves the clinical phenotypes associated with identified genes and highlights those
causing major dominant developmental disorders (McKusick 1998; Wright et al. 2015),
since these are the most important for prediction of the phenotypic outcome of de novo
balanced chromosomal abnormalities.

Data are compiled in two distinct output tables per each breakpoint that can be
downloaded through the output page shown in Fig. S3. A complete table (Appendix
S1.xIsx) includes all acquired information and a report table (Supplementary Tables 8
and 9) mainly includes clinically relevant data. The latter may be included in patient
reports.
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Additionally, this tool, based on the genomic position of the breakpoints and
affected chromosomes establishes the sequence based nomenclature of the
rearrangement according to the International System for Human Cytogenomic
Nomenclature 2016 (ISCN 2016) (McGowan-Jordan et al. 2016). The tool will be
updated to comply with upcoming revisions to the ISCN.

Table S2 Data retrieved by the TAD-GConTool

Data description Designation WEB resource Reference
Protein-coding and non-coding RNA genes Ensembl https://www.ensembl Zerbino et al.
(lincRNA, and miRNA) and associated structural .org (2018)
information (genomic location, exons/introns,
strand, biotype)
HGNC gene name and symbol and link to its GeneCards https://www.genecar Stelzer et al.
integrated GeneCard database ds.org/ (2016)
OMIM genes and associated phenotype IDs and OMIM https://omim.org/ McKusick
their inheritance (1998)
The probability of being haploinsufficiency (HI) DECIPHER https://decipher.sang Huang et al.
sensitive expressed as HI index er.ac.uk/ (2010)

Firth et al.

(2009)
The loss of function (LoF) intolerance, gnomAD http://[gnomad.broadi Lek et al.
expressed as a ratio between observed / nstitute.org/ (2016)
expected (oe) number of LoF variants
Genetic, genomic, and biological data on the MGD-MGI http://www.informatic Bult et al.
mouse ortholog s.jax.org/ (2008)
Clinical phenotypes association based on the DDG2P https://www.ebi.ac.u  Wright et al.
literature. kigene2phenotype  (2015)
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TAD-Gene Content Tool - Search Results

The retrieved dala from each breakpoint is compded in a complete table that includes af acquired informason and a repoct table that mainly includes clinically relevant data
While you wait for the results, please fill out cur usage survey. Thank you!

Resuits will appear shortly

Input parameters:
Genome version: hg38
Reference: hESC
TADs to analyse: (TAD
Type of alteration: Balanced transiocaton
Chromosome A: 16
Chromosome B: 17
Breakpoint A: 89401663-89401740
Breakpoint B: 46751561.46784260

Output:
Rearrangement A: cer(16) g [chriGpter_cen_S89401701:chn17.46784261_gler]
Rearrangement B: der(17) g [chr17 pler_cen_456781861_46784260del chr16.89401701_gter]
Downioad report table!
Download complate tables
If you using this tool please acknowiedge either by This tadle was performed by the TAD-GConToo! or by ciing our reference publcation

Degadment of Human Genstic

Naticnal Insttute of Health Doutor Ricardo Jorge

o, @) SNSIRreow =™

\ T 4

This fle was last modified 13/1272018

Fig. S3 Search results page of the TAD-Gene Content Tool

The page includes a usage survey, the summary of the input parameters, sequence-
based nomenclature of the breakpoints according to ISCN 2016, and links to download
the report and complete tables as well as the survey page.

The CNV-Content Tool (CNV-ConTool)

This tool was essentially developed to allow a faster and more informed evaluation of
the SV identified in analyzed subjects. For that, CNV-ConTool is able to define the
overlap between patient-specific breakpoints and CNVs and those reported in public
databases. The reasoning behind this tool is summarized in Fig. S4. For breakpoint
analysis, the tool identifies and reports all overlapping CNVs, whereas for unbalanced
alterations, a mutual overlap or a query comprised by the reference search can be
applied. Additionally, the tool identifies protein-coding and non-coding RNA genes
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disrupted or deleted by these patient-specific alterations and performs a mutual
overlap search.

a Breakpoint query
kb 5 3

del A
dup B

_ 3 Breakpoint vs. del A X
Breakpoint position Breakpoint vs. dup B v
Breakpoint 10kb FR vs. del A =13% v Reported independentl
ﬂan_king(FR) ?gllé\';}m kg FRB =33% ¥ of t?we level of gverlap Y
region VS. dup =100%
dup Bvs. 10 kb FR —11% v

b Mutual Overlap

Disrupted gene, CNV ) 1| 3 5 F’ .Lg i 1|3
d CNV
gene an query Gene A
del, dup, inv

Reference del C

Reference dup D

Cutoff
=100% .
Disrupted or 80% Eeigfeﬁgs-drglr%rir;?%gféCA :83%0 5 } Included inthe output tables
gene A 70% Qef”e Avs_drefeéence dUDE :?g:? )\(/ } Not included in the output tables
reference dup D vs. gene A =76%
del, dup, inv 760, v )
70% ﬁe“fg%;se rde;ergr;ge qdueel r;: :;gj v } Included inthe output tables
80% S:fgg;gé rg;?rgrl‘f c?t?ér? z;g:;: i } Not included in the output tables
C Query comprised by the reference
CNV query
del_dup_inv
Reference del E
Reference dup F
Reference del G
uery vs. reference delE - =100% v Included inthe output tables
query
del, dup, inv query vs. reference dup F =87%

X _ :
query vs. reference del G =33% X } Not included in the output tables

Fig. S4 Schematization of the mutual overlap and query comprised by the reference
approaches and retrieved data

Vertical arrow indicates the breakpoint position. Reference dels are in red whereas
dups are in blue. Gray dashed vertical lines outline the overlap between the query and
reference alterations.

a Breakpoint genomic position and breakpoint-flanking region. All CNVs overlapping
the query genomic position or breakpoint-flanking region are retrieved.

b Mutual overlap approach applied in CNVs (del, dup), inv and affected genes.
Affected genes by either CNVs or breakpoints are depicted in yellow. Additional gene
flanking genomic sequences included in the overlap search are depicted by shaded
regions flanking the query genes. The query CNV is illustrated by the dashed back
bar. In this approach, the percentage of overlap between query vs. reference and
reference vs. query is computed, which ensures that, these show approximately the
same size, and can be considered as similar. Only alterations with overlaps above the
cutoff value (defined by the user), are included in the output tables.
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¢ Query comprised by the reference search for del, dup and inv. In this approach, only
the query vs. reference overlap percentage is taken into consideration: reference
CNVs that cover 100% of the query are included in the output tables. This approach
can be applied for CNVs and inv, but not for the affected genes, which by default are
analyzed with the mutual overlap approach.

CNV-ConTool was developed in python with a user-friendly CGlI interface, similar to
TAD-GConTool. The source code of the tool is submitted to GitHub:
https://github.com/DGRC-PT/CNV-ConTool and, can be accessed online at
http://dgrctools-insa.min-saude.pt.To run the CNV-ConTool, the necessary input
parameters must be selected and query data specified as shown in Fig. S5.

iy o

General options

‘Choosing Mutual Overiap, this tool will apply a mutual overlap cut-off on the search:
Database hits are only retrieved if percentages of overlap of query vs database and database vs query are above the cut-off
|) Hg19 *Hg3s This applies to CNV queries and the respective affected genes.
Overlap cutoff (1-100)%:

ii) iiii) | Selection options v
R Scloction options _________S—
{ Mutual Overlap

Query comprised by the reference

v) Vi)[Selection options v !
-
(- > | Breakpoint Breakpoint analysis
CNVs Input breakpoints positions:
Breakpoint & CNVs vii) 9

Broakpoint flanking region:

100

CNV or specific genomic region analysis

T e was Lt macsied 100772019 Input genomic regions or CNVs:

viii)

2p16.3(5

Fig. S5 Landing page of CNV-ConTool with input parameters and query data

Input parameters and query regions must be specified as follows:

i) genome version;

i) type of alteration to search against and reference databases (see Table S3);

iii) type of overlap search: mutual overlap or query comprised by the reference (see
Fig. S4).

iv) overlap cutoff, available when mutual overlap is chosen;

v) flanking gene regions to be included in the overlap search (the size of these can be
given as an absolute value in bp or kb, or as a relative value, a percentage calculated
relative to the size of each gene) — optional;

vi) select the type of analysis (breakpoints, CNVs or both);

vii) breakpoint analysis - input the breakpoint positions and the size of the breakpoint
flanking region to be analyzed; definition of a region size to be added to each side of
the breakpoint — optional; and

viii) CNV or specific genomic region analysis - input the genomic positions of CNVs or
of specific genomic regions to be analyzed. The application starts by identifying coding
and non-coding genes within the genomic regions to be analyzed. Then, the genomic
positions of these genes are included in the overlap search outlined at Fig. S4.
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Table S3 Databases available on CNV-Content tool

Data description

Designation

WEB resource

Reference

Database of Genomic Variants: a
comprehensive database of structural
variation in the human genome of healthy

control samples

DGV

http://dgv.tcag.ca/dgv/app/
home

MacDonald et al.

(2014)

Comprehensive database of common
human genetic variation in over 2500
subjects from 26 populations

1000 Genomes http://www.internationalge

Project

nome.org/data

Auton et al.
(2015)

Clinical Genome Resource Database
defines the clinical relevance of genes and
variants. Variant classification: benign,
potentially benign, uncertain, potentially
pathogenic, pathogenic

ClinGen

https://www.clinicalgenom
e.org/

Miller et al.

(2010)

Kaminsky et al.

(2011)

ClinVar is a public archive of reported
associations between human variations and

phenotypes.

Clinvar

https://www.nchi.nlm.nih.g
ov/clinvar/

Landrum et al.
(2016)

An expanded CNV morbidity map from
almost 45,000 children with developmental

delay.

Developmental
Delay (Coe &
Cooper)

https://www.ncbi.nlm.nih.g
ov/dbvar/studies/nstd100/
https://www.ncbi.nim.nih.g
ov/dbvar/studies/nstd54/

Coe et al. (2014)
Cooper et al.
(2011)

The retrieved data, compiled in two xlIsx files, is made available through the output
page shown in Fig. S6. The first file contains the CNVs whereas the second the
breakpoint data. Both include protein-coding and non-coding RNA genes affected by
these regions. Each of these files are composed by a summary of the overlap results
across user-defined databases, followed by one specific table per database, with the
most complete information (Appendix S2).

The summary table shows for each query region and affected gene the number of
CNV hits, frequencies, databases and the best hits. The following database specific
tables consider the same results in a more extensive way, including all hits (one per
line), respective ID (with link), size in bp, coverage region, type of alteration, support,
bibliographic references and both calculated overlap percentages.

The source code for cluster-specific split-reads finder, TAD-GConTool and CNV-
ConTool is available at https://github.com/DGRC-PT/.
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CNV-Content Tool - Search Results

The retrieved data is compiled in two xisx files. one for breakpoint and another for CNV results, composed by a summary table, and a set of more complete tables, one for each database used

While you wait for the results, please fill out our usage survey. Thank you!

Results will appear shortly.
Input parameters:
Genome version:hg38
Alteration Data:all
A ion Database:DGV,1000G ClinGen ClinVar,CoeCoop

Type of overlap search: Mutual overlap
Overlap cutoff percentage:70%
Breakpoint flanking region: 100

Input breakpoint positions:
1(16;17)_chr16:89401663-89401740
1(16;17)_chr17:46781861-46784260

Flanquing region size:0bp
Input CNV or genomic region:
1p31.1(72.300,604-72,346,218)x0
2p16.3(52,522 407-52 558,349)x0
3p24.1(27,354 680-27,408,191)x1
6q16.3(103,289,557-103,316,363)x0
8q24.21(129,061,233-129,897.281)x1
16p12.3(19,933,983-19,956,729)x1

Output:
Download CNV table!

Download breakpoint tablel
If you using this tool please acknowdedge either by This table was performed by the CNV-Content tool or by citing our reference publication

| New search |
Reference manual
Correspondance: Genomic Diseases Group.
De nt of Human i

National Institute of Health Doutor Ricardo Jorge

ney_Nacional de Saude

P B O SNSZ™ &)™

This file was last modified 10/07/2019

Fig. S6 Search results page of the CNV-Content Tool

The page includes the summary of the input parameters and regions and links to

download the xIsx files.
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Visualization of high-resolution chromosome conformation capture
data

To evaluate genomic interactions, publicly available Hi-C data for IMR9O0 fibroblasts
(Dixon et al. 2012) and GM12878 lymphoblastoid cell lines (Rao et al. 2014) were
analyzed.

Hi-C interaction data, visualized as heatmaps, of the breakpoint regions from the
available cell lines at different resolutions were assessed using Juicebox (Durand et
al. 2016), a tool for exploring Hi-C contact map data.

Heatmaps of the selected genomic regions were combined with relevant genomic
data:

i) TAD boundaries according to different publications: for hESC (Dixon et al. 2012),
IMR9O0 fibroblasts (Dixon et al. 2012; Rao et al. 2014), and LCL GM12878 (Moore et
al. 2015; Rao et al. 2014).

i) chromatin loops for IMR9O fibroblasts and GM12878 lymphoblastoid cell lines (Rao
et al. 2014);

iii) CCCTC-binding factor (CTCF) sites track (IMR90 CTCF IgG-rab ChIP-seq Signal
from ENCODE/SYDH) plot;

iv) transcribed human enhancers color-coded according to their specific tissue/cell
expression; and

v) the gene map with haploinsufficiency index, and with the LoF intolerance expressed
as observed vs. expected (oe) number of LoF variants stated below the genes.
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Supplementary Results

Retrospectively analyzed probands

DGRC0006 — t(8;14)

Proband DGRCO0006 is a 12 year-old female with a de novo balanced reciprocal
chromosomal translocation between the long arms of chromosomes 8 and 14,
46,XX,1(8;14)(g11.23;924.3)dn identified during conventional prenatal diagnosis
(PND) performed due to advanced maternal age and a previous child with
psychomotor developmental delay.

At age 12 years abnormal clinical findings include moderate global developmental
delay (HP:0011343) with speech problems as well as feeding difficulties (HP:0011968)
and failure to thrive (HP:0001508) with decreased body weight (HP:0004325) (< 3"
percentile) and height at 15" percentile. Premature pubarche (HP:0012411) with pubic
hair growth was present from seven years of age.

Mapping of the breakpoints by liGS followed by Sanger sequencing identified the
8g11.23 breakpoint at
g.[chr8:pter_cen_64,209,134::chr14:83,126,596 83,126,598dup_qter] within IVS 1 of
LINC01414  whereas the 14924.3 breakpoint ~was identified at
g.[chrl4:pter_cen_83,126,598::chr8:64,209,135 qter] (Supplementary Fig. 7).

DGRC0013 — inv(13)

Proband DGRCO0013 is a 13 year-old male with a de novo paracentric chromosomal
13 inversion 46,XY,inv(13)(q12.3g22)dn identified during conventional PND
performed due to advanced maternal age.

Abnormal clinical findings include moderate global developmental delay
(HP:0011343), especially at motor level, mild hypotonia (infantile muscular hypotonia,
HP:0008947) and generalized joint laxity (HP:0002761).

Cardiac evaluation revealed dilated left ventricle, non-hypertrophied walls, with
overall conservation of good systolic function and tricuspid valve ring thickening
(abnormality of the tricuspid valve, HP:0001702).

Recurrent upper tract respiratory infections (HP:0002788) that led to
amygdalectomy and adenoidectomy. Bilateral cryptorchidism (HP:0008689) and
phimosis (HP:0001741) were surgically corrected by orchidopexy and preputioplasty,
respectively.

Mapping of the breakpoints by liGS fallowed by Sanger sequencing identified the
proximal 13g12.3 inversion breakpoint at position g.28,489,796 within IVS 1 of FLT1
whereas the distal 13922 breakpoint is at position g.74,831,804 (chrl3:g.[pter-
cen_28,489,793_28,489,795del;28,489,796_74,831,804inv;_74,831,805_74,831,817
del_gter]) (Supplementary Fig. 8).

DGRC0025 — t(12;17)

Proband DGRCO0025 is an 8 year-old male with a de novo balanced reciprocal
chromosomal translocation between the long arms of chromosomes 12 and 17
46,XY,t(12;17)(923;922)dn identified during conventional PND performed due to
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increased risk for aneuploidy following 15t trimester combined tests and increased
nuchal translucency.

In the neonatal period, pulmonary artery stenosis (HP:0004415) and patent
foramen ovale (HP:0001655) were identified by electrocardiography.

Physical examination did not reveal significant dysmorphism other than one
glabellar (HP:0001076) and two lumbar hemangiomas (Supplementary Fig. 1).
Additional facial features observed in this proband are thin upper lip vermilion,
depressed nasal bridge, slightly anteverted nares noted throughout development, and
synophrys (HP:0000664) evident from eight years of age (Supplementary Fig.1 and
Supplementary Table 3).

Neurological assessment revealed delayed speech and language development
HP:0000750, expressive language delay HP:0002474, and borderline fine motor skills
and practical performance. At 48 months, his developmental age was equivalent on
average to 39.5 months. Presently he has early intervention support with speech
therapy.

Mapping of the breakpoints by liGS followed by Sanger sequencing identified the
1223 breakpoint at
g.[chrl2:pter_cen 99,637,772 _99,637,782del::chrl17:51,565,697_qter] within IVS 9 of
ANKS1B whereas the 17922 breakpoint was identified at
g.[chr17:pter_cen_51,565,696::chr12:99,637,783 qter] (Supplementary Fig. 9).

Clinical features of DGRC0025 overlap those of individuals with monogenic
heterozygous microdeletions in ANKS1B, reported by Carbonell et al. (2019).
Furthermore, we confirm that disruption of this gene results in ANKS1B
haploinsufficiency syndrome.

DRGRO0030 — t(1;3)

Proband DGRC0030, the third child of a non-consanguineous couple, is a 13 year-old
male. Conventional PND performed due to advanced maternal age identified a de
novo balanced reciprocal chromosomal translocation between the short arm of
chromosome 1 and long arm of chromosome 3, 46,XY,t(1;3)(g42;p25)dn.

The proband’s father and siblings are healthy, whereas his mother suffers from
bilateral congenital cataracts (HP:0000519) and severe myopia (HP:0011003).

Delivery occurred at 37 weeks gestation and was uneventful. At birth, weight and
height were 2.686 kg (7.5™ percentile) and 49.5 cm (42" percentile) according to WHO
tables, respectively. Head circumference measured 33 cm (12" percentile) on WHO
tables

The proband is characterized by dysmorphic facial features (Supplementary Fig.
2 and Supplementary Table 4) that include coarse face (HP:0000280) with prominent
maxilla (HP:0430028) and upper lip (HP:0000215), wide mouth (HP:0000154), widely
spaced teeth (HP:0000687), flat nasal bridge (HP:0005280) and a broad full nasal tip
(HP:0000455) with anteverted nares (HP:0000463). His growth was stable with weight
constantly around the 50 percentile and height around the 25" percentile. The head
circumference was always around the 10" percentile.

Cardiovascular examination revealed a complex cardiopathy characterized by
tetralogy of Fallot (HP:0001636) with a right aortic arch (HP:0012020) and subaortic
interventricular communication.
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Neurologic abnormalities include severe global developmental delay
(HP:0011344) with absent speech (HP:0001344) and a severe behavioral clinical
condition with hyperactivity (HP:0000752). Multiple stereotypies (HP:0000733), broad-
based ataxic gait (HP:0002136), and an aberrant posture with tendency to
hyperextension of the neck were also reported. A slight thoracic scoliosis
(HP:0002943) developed with time.

Most likely due to severe developmental delay, the proband presented in addition
to hypotonia and severe feeding difficulties (HP:0011968), with nocturnal and diurnal
enuresis (HP:0000805) and encopresis (HP:0040183).

Additionally, several other congenital anomalies were noted such as bilateral
talipes equinovarus (HP:0001776), supernumerary nipples (HP0002558), phimosis
(HP:0001741), divergent strabismus (HP:0000486), joint hypermobility (HP:0001382),
especially of the interphalangeal joints (HP:0005620). Unilateral hydrocele testis
(HP:0000034) and an umbilical hernia (HP:0001537) were diagnosed later in infancy.

Mapping of the breakpoints by liGS fallowed by Sanger sequencing identified the
1942.11 breakpoint at
g.[chrl:pter_cen 224398162 224398174del::chr3:10670892 pter] within WDR26
exon 12 whereas the 3p25.3 breakpoint  was identified at
g.[chrl:qter_224398174:.chr3:10670893 10670894del_cen_qter] within IVS 1 of
ATP2B2 (Supplementary Fig. 10). WDR26 encodes a WDR domain-containing protein
presumably involved in multiple disease-associated signaling pathways.

In conclusion, disruption of WDR26 by the 1g42.11 breakpoint most likely leads to
its haploinsufficiency due to nonsense mediated RNA decay, resulting in a complex
clinical phenotype matching both Skraban-Deardorff syndrome (SKDEAS OMIM
#617616) (Skraban et al. 2017) and the 1941942 microdeletion syndrome. Therefore,
DGRCO0030 was diagnosed as having severe Skraban-Deardorff syndrome (SKDEAS
OMIM #617616).

Moreover, the proband’s clinical features basically confirm the phenotypic
overlaps between SKDEAS and the 1941942 microdeletion syndrome and affirm the
causative role of WDR26 in these phenocopy syndromes.
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Supplementary Figures

4 months

4 years 8 years

Supplementary Fig. 1 Evolution of DGRC0025 phenotypic facial features. Glabellar
hemangioma, thin upper lip vermilion, depressed nasal bridge and slightly anteverted
nares can be seen throughout time. Synophrys became evident from age 8.
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6 years

11 years

Supplementary Fig. 2 Evolution of DGRCO0030 phenotypic facial features from 3
months to 11 years of age. Coarse facial features, full/broad nasal tip, depressed nasal
bridge and anteverted nares are evident throughout time. Tented, protruding upper lip
and wide spaced teeth can be seen beginning at 4 years of age.
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Supplementary Fig. 3 Nucleotide sequence of der(16) and der(17) breakpoints
aligned against the GRCh38 reference human genome

a Chromosome 16qg24.3 breakpoint. The chromosome 16 sequence is in black,
whereas the chromosome 17 sequence is in gray. Vertical lines indicate identical
nucleotides between derivative and reference chromosomes. The GG dinucleotide
deleted from the der(16) breakpoint is underlined.

b Chromosome 17g21.31 breakpoint. The chromosome 16 sequence is in black,
whereas the chromosome 17 sequence is in gray. Vertical lines indicate identical
nucleotides between derivative and reference chromosomes.

The 2,036 bp del (g.46781999 46784034del) identified at the der(17) breakpoint is
underlined. Therefore, the translocation is classified as unbalanced. The translocation
is revised and described as seq[GRCh38]
46,XX,1(16;17)(16pter—16q24.3::17921.31—17qter;17pter—17921.31::16q24.3—16
gter)dn. According to next-gen cytogenetics nomenclature (Ordulu et al. 2014), the
translocation is  described as  46,XX,t(16;17)(g24;921.3)dn.seq[GRCh38]
t(16;17)(16pter—16q24.3(89,401,715)::17921.31(46,784,035)—17qter;17pter—17p2
1.31(46,781,998::16024.3(89,401,718)—16qter)dn.

NCBI-GenBank accession numbers of the der(16) and der(17) junction fragment
sequences are MH843735 and MH843736, respectively.
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Supplementary Fig. 4 Nucleotide sequence of der(2) and der(19) breakpoints aligned
against the GRCh38 reference human genome

a Chromosome 2p13.3 breakpoint. The chromosome 2 sequence is in black, whereas
the chromosome 19 sequence is in gray. Vertical lines indicate identical nucleotides
between derivative and reference chromosomes. The deleted tetranucleotide CCAA
sequence from the der(2) breakpoint is underlined.

b Chromosome 19913.11 breakpoint. The chromosome 2 sequence is in black,
whereas the chromosome 19 sequence is in gray. Vertical lines indicate identical
nucleotides between derivative and reference chromosomes. The deleted TT
dinucleotide from the der(19) breakpoint is underlined, whereas the inserted CATA
tetranucleotide sequence is boxed and in lowercase.

The translocation is revised and described as seq[GRCh38]
46,XY,1(2;19)(19qter—19913.11::2p13.3—2qter;19pter—19q13.11::2p13.3—2pter)d
n.

According to next-gen cytogenetics nomenclature (Ordulu et al. 2014), the
translocation can be defined as 46,XY,t(2;19)(p13;913.11)dn.seq[GRCh38]
t(2;19)(19qter(-
)—19q913.11(32,878,515)::2p13.3(+)(70,941,507)—2qter;19pter—19913.11(+)(32,87
8,512)::CATA::2p13.3(-)(70,941,502)—2pter)dn.

NCBI-GenBank accession numbers of the der(2) and der(19) junction fragment
sequences are MH843737 and MH843738, respectively.
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Supplementary Fig. 5 Fusion genes and hypothetical transcripts resulting from the
t(16;17)(q24.3;921.31)dn

a Diagram depicting the fusion gene at der(16) between WNT3 IVS1 and ANKRD11
IVS3. At the top, the physical map across the der(16) breakpoint region with the
corresponding junction sequence is shown underneath (chromosome 16 sequence is
in black, whereas the chromosome 17 sequence is in gray). Below, schematic
representation of the fusion gene between WNT3 exon 1 and ANKRD11 exons 4-14
is shown. Theoretically, WNT3 exon 1 may code for a truncated 26 amino acid
polypeptide, while the translational initiation codon within exon 4 of ANKRD11 is intact.
Hypothetical translation products are indicated in blue.

b Diagram depicting the fusion gene at der(17) between ANKRD11 IVS3 and WNT3
IVS1. At the top, the physical map across the der(17) breakpoint region with the
corresponding junction sequence is shown underneath. Below, schematic
representation of the fusion gene between ANKRD11 exons 1-3 and WNT3 exons 2-
5 is shown. The ANKRD11 non-coding exons 1-3 are followed by coding exon 2 of
WNT3.

Breakpoint positions are indicated by vertical arrows. Exons are numbered. Exonic
and intronic sequences are in upper and lower-case letters, respectively. The 5
untranslated sequences are in lower case gray letters. Coding triplets are highlighted
in brown and black and the translational initiation codons (ATG) are underlined.
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Supplementary Fig. 6 Chromatin interaction heatmaps of the t(2;19)(p13.3;q13.11)dn breakpoint regions for GM12878
lymphoblastoid cell lines and IMR9O fibroblasts, at different resolutions

a, ¢ Interaction data from GM12878 lymphoblastoid cell lines (LCLs) at 5 kb resolution from Rao et al. (2014).

b, d Interaction data at 25 kb resolution from IMR90 fibroblasts from Dixon et al. (2012).

TADs and boundaries for GM12878 and IMR90 are indicated according to Rao et al. (2014). The dashed lines overlaid on the
heatmaps are color-coded according to cell line and overlap between these lines. Chromatin loops are depicted by overlaid squares,
color-coded by cell line and identified by letters. Loops circled in black and white are disrupted by the breakpoint (Rao et al. 2014).
The one circled in black is between two 10 kb bins, at chr2:70,292,868-70302868, encompassing FAM136A and the promoter - exon
1 region of SNRPG, and, at chr2:71,062,870-71,072,870, encompassing the promoter - exons 1-5 region of NAGK. The second loop,
circled in white, is between two 10 kb bins localized at chr2:70,862,870-70,872,870 and chr2:70,942,870-70,952,870, encompassing
exon 2 of ATP6V1B1.None of these genes shows LoF sensitivity.

The black arrows indicate the breakpoint positions. Below is a track depicting CCCTC-binding factor (CTCF) sites from the analyzed
region according to the Chip-seq track in IMR9O0 fibroblasts CTCF IgG-rab ChlP-seq Signal from ENCODE/SYDH). Further below are
transcribed human enhancers from the reference genomic region, color-coded according to their tissue/cell specific expression.
Beneath the enhancers is shown the gene map across the analyzed genomic region. Forward and reverse arrowheads indicate the
position of genes in sense and antisense orientation. Genes are color-coded according to their HI scores. Genes presently associated
with autosomal dominant disorders are underlined and bolded, whereas genes associated with both autosomal recessive and
dominant disorders are only bolded. The LoF intolerance, expressed as observed / expected (oe) number of LoF variants, are stated
below the genes.
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Supplementary Fig. 7 Nucleotide sequence of der(8) and der(14) breakpoints aligned
against the GRCh38 reference human genome
a Chromosome 8q12.3 breakpoint. The chromosome 8 sequence is in black, whereas
the chromosome 14 sequence is in gray. Vertical lines indicate identical nucleotides
between derivative and reference chromosomes. The duplicated trinucleotide ATT
sequence is boxed and in lowercase. Below, arrow within IVS 1 of LINC01414 indicates
the position of the translocation breakpoint.
b Chromosome 14g31.2 breakpoint. The chromosome 8 sequence is in black, whereas
the chromosome 14 sequence is in gray. Vertical lines indicate identical nucleotides
between derivative and reference chromosomes. A dashed line underlines the
duplicated trinucleotide.
The translocation is revised and described as seq[GRCh38]
46,XX,t(8;14)(8pter—8q12.3::14q31.2—14qter;14pter—14q31.2::8912.3—8qter)dn.
According to next-gen cytogenetics nomenclature (Ordulu et al. 2014), the
translocation can be defined as 46,XX,1(8;14)(q11.23;924.3)dn.seq[GRCh38]
t(8;14)(8pter->q12.3(64,209,134):: ATT::14931.2(83,126,599)->14qter;14pter-
>14q31.2(83,126,598)::8912.3(64,209,135)->8qter).
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Supplementary Fig. 8 Nucleotide sequence of the paracentric chromosome 13
inversion breakpoints aligned against the GRCh38 reference human genome

a The proximal inversion breakpoint at 13912.3.

b The distal inversion breakpoint at 13g22.1.

Above, arrow within FLT1 IVS 1 indicates the position of the proximal inversion
breakpoint.

Reference chromosome 13 sequences are in black, whereas the inverted chromosome
13 sequence is in gray. Vertical lines indicate identical nucleotides between the
derivative and reference chromosome. The deleted GTA trinucleotide and the
tridecanucleotide ATGCTTATAAGCA sequence from proximal and distal breakpoints,
respectively, are underlined.

The inversion is revised and described as seq[GRCh38]
46,XY,inv(13)(pter—q12.3::922.1—912.3::922.1—qter)dn.

According to next-gen cytogenetics nomenclature (Ordulu et al. 2014), the inversion is
defined as 46,XY,inv(13)(q12.3923)dn.seq[GRCh38] inv(13)(pter-
>0q12.3(28,489,792)::q22.1(-)(74,831,804)-
>(012.3(28,489,795)::q22.1(+)(74,831,818)->qter).
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Supplementary Fig. 9 Nucleotide sequence of der(12) and der(17) breakpoints
aligned against the GRCh38 reference human genome

a Chromosome 12g23.1 breakpoint. The chromosome 12 sequence is in black,
whereas the chromosome 17 sequence is in gray. Vertical lines indicate identical
nucleotides between derivative and reference chromosomes. The deleted
hendecanucleotide CCTTAATAAAC sequence from the der(12) sequence is
underlined.

Below, an arrow within IVS 9 and a red bar within IVS 8 of ANKRD11 indicate the
position of the translocation breakpoint and of a 74.6 Kb deletion, respectively.

b Chromosome 17g21.33 breakpoint. The chromosome 12 sequence is in black,
whereas the chromosome 17 sequence is in gray. Vertical lines indicate identical
nucleotides between derivative and reference chromosomes.

The translocation is revised and described as seg[GRCh38]
46,XY,1(12;17)(12pter—12921.3::17921.33—17qter;17pter—17921.33::12921.3—12
gter)dn.

According to next-gen cytogenetics nomenclature (Ordulu et al. 2014), the
translocation can be defined as 46,XY,t(12;17)(g23;922)dn.seq[GRCh38]
t(12;17)(12pter->g23.1(99,637,771)::q23.1(99,637,782)::17921.33(51,565,697)-
>17qter;17pter->g21.33(51,565,696)::12923.1(99,637,783-99,680,962::99,755,562)-
>12qter)
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Supplementary Fig.10 Nucleotide sequence of der(1) and der(3) breakpoints aligned
against the GRCh38 reference human genome

a Chromosome 1qg42.11 breakpoint. The chromosome 1 sequence is in black,
whereas the chromosome 3 sequence is in gray. Vertical lines indicate identical
nucleotides between derivative and reference chromosomes. The deleted
dodecanucleotide CCTTGTGTAACA sequence from der(1) sequence is underlined.
Below, arrow within exon 12 of WDR12 indicates the translocation breakpoint.

b Chromosome 3p25.3 breakpoint. The chromosome 1 sequence is in black, whereas
the chromosome 3 sequence is in gray. Vertical lines indicate identical nucleotides
between derivative and reference chromosomes. The deleted GC dinucleotide from
der(3) sequence is underlined. Below, arrow within IVS 1 ATP2B2 indicates the
translocation breakpoint.

The translocation is revised and described as seq[GRCh38]
46,XY,1(1;3)(1pter—1942.11::3p25.3—3pter;1qter—1942.11::3p25.3—3qter)dn.
According to next-gen cytogenetics nomenclature (Ordulu et al. 2014), the
translocation can be defined as 46,XY,1(1;3)(g42;p25)dn.seq[GRCh38] t(1;3)(1pter-
>0q42.11(224,398,161)::3p25.3(-)(10,670,892)->3pter; 1qter->q42.11(-
)(224,398,174)::3p25.3(+)(10,670,895)->3qter)
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Supplementary Fig. 11 lllustration of DGRC0016-specific genomic imbalance identified at 8q24.21 by
sequence coverage and read-pair cluster analysis

a Genomic imbalance plot generated by CNView (Collins et al. 2016) showing an 840 kb del. A group
of 32 cases, analyzed using the same type of liGS library, was used as control. The horizontal black
dashed line with darker and lighter gray shading indicate median coverage and deviation, respectively.
Regions with a statistically significant decrease in sequence coverage (a=0.05, Bonferroni correction)
indicating dels are depicted in red. Gene map across this region is shown below. Forward and reverse
folded arrows indicate the position of the genes in sense and antisense orientation, respectively. Genes
are color coded according to their haploinsufficiency index (HI) and LoF intolerance, expressed as
observed / expected (0e) number of LoF variants, are stated below the genes. Confidence interval of
FAM49B oe is indicated in parentheses.

b CNVs from the affected genomic region reported in the DGV database (MacDonald et al. 2014). Blue
and red bars represent gains and losses, respectively. Vertical dashed black lines delimitate the overlap
between the del with gene and CNVs.

¢ Read-pair cluster delimiting the del and proper read-pairs aligned within the involved genomic region.
Black arrows depict inward-facing read-pair cluster delimiting the del. Below, small gray vertical bars
denote proper read-pairs mapped within this region, illustrating the decrease in coverage within the

deleted region.
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Supplementary Fig. 12 Nucleotide sequence of genomic imbalance breakpoints at
3p24.1 and 89g24.21 identified in DGRC0016

a The 53,512 bp del breakpoint at 3p24.1.

b The 836,049 bp del breakpoint at 8g24.21.

Vertical arrows indicate positions of del breakpoints, whereas horizontal arrows denote
orientation of the genomic sequence. Deleted sequences at breakpoint junctions are
in gray and dels are depicted by red bars. The inserted AT dinucleotide at the
breakpoint is boxed and in lowercase.
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Supplementary Fig. 13 Tissue-specific expression profiles of ANKRD11 and WNT3
disrupted by the 16924.3 and 17g21.31 breakpoints, respectively
(from Genotype-Tissue Expression, GTEX)

37


https://gtexportal.org/home/

ATP6V1B1

RPKM
100
Il

! :
L]

: i , DGO|I

i
o ..L;....;.LA._..._._...J--S-...___..._.__..__...._..J- ].n..s..l..i..n.—.-.... o wddmd —— =,
a7

50

N= mzz?mszzma:!aaz 1 72 B4 117105125114108 84 86 113 67 71 B3 Z1411E2B4 B 5§ 37 5153 286 247 184218 32 118 320 57 430 304 &7 171 103706 250357 BE 104783172323 W M3
T | [ T T T 1 1 1 1 T 1 17T \ [ T 1 T T 7T T | | r r 1 r 1 rrrrrrrr 11 11 °© 1 1 17
£ 'b-+ . & 5 o 0
w g‘“ “@\\ c@@@; o %
5
@S&I‘\;«\@"" ° R i “’&;} QO.é' ;2
TR T @“oc%\f ‘} %‘«*" \\\s\ %@‘7@'
) QO& W :‘\O‘ ‘6@ < & Q @\;\‘F'
. & & ¢° Q
& ¢
)
CEP89
oo
B
o
=
4
o
& .
§ .
- = B @ 4 L -
e § . 1 H H . ' ::‘
: s BE= : T r B .. e
H miss T FLe i =K
=B= -IIE E= = D = ClEgr i mmEEge B:
: EE'H EEE’:‘ 8= ’ o ] : . SRR i
: ! 8 | m = HIE :
= s ° @ = -
o
M= 350227 145224133332 11 72 B4 117105125114108 84 86 113 67 71 63 21411828 6 § /6 06153286247 6 184218 32 118 320 57 430304 &7 171 103706 280357 BE 104853172323 BI &6 383
T | r .1 1. 111 rrr 1 rrrrrrrrr rrrr1rrrr rrrrrrrrrrr r r v o1 171171
& \+‘¢ S L8 W P e B h of o & “&b\a
R O N S RS s SRS AES
ST S vsi\s‘ohe&@ @qﬂo SR S E ,’* DGR
$‘§'§P @%c\vg“ye\ & EEL o’c’qé?é‘\*\ N o D)
%'QOYD @‘@&\ %"“Q\‘z“\ \<\ P P B
e 38 e P TR S o 'b‘ Pt <c°b‘, - &
&£ V‘b ey P @ R P =° \-g'\"_:" . ‘Z@'b'
o e & o O TS S “
o & -e G N
PR %& e
<& &% ol g &
N &
&
>

Supplementary Fig. 14 Tissue-specific expression profiles of ATP6V1B1 and CEP89
(from Genotype-Tissue Expression, GTEX)

The 2p13.3 breakpoint is within IVS1 of ATP6V1B1 whereas that of 19913.11 is within
the 3’ UTR of CEP89.
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Supplementary Fig. 15 Differential expression at exon and exon junction levels of the t(16;17) disrupted genes
a Gene structure-based display of sample-level signal intensities of the disrupted ANKRD11. Below, schematic gene map with exons
and exon junction fold changes.
b Gene structure-based display of sample-level signal intensities of the disrupted WNT3. Below, schematic gene map with exons
and exon junction fold changes.
The detection threshold of HTA 2.0 microarray is a two-fold change. Control LCL samples are in green and the proband’s LCL sample
is in purple. Exons are numbered. Under the gene maps, dashed lines with filled diamonds indicate exons and the corresponding
probe set fold change between the proband and the control samples. Above the gene map, horizontal square brackets show exon
junction fold changes between the designated exons. Arrows indicate the breakpoints.
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Supplementary Tables

Supplementary Table 1 Primers used for validation of structural chromosomal abnormalities and CNVs

. . . s o . e Annealing Amplicon
Fragments Designation Primer sequence (5’-3’) Primer localization T (C°) length (bp)
DGRCO0016
t(16;17)(q24.3;921.31)
Control fragment ANKRD11 |VS3-1F CCACCTCCCATCCACACCT Chr16:89,401,547-89,401,566 61 205
chrl6 ANKRD11 IVS3-2R GTACCCAGAGAGGGGTCAGC Chr16:89,401,821-89,401,840
Control fragment  WNT3_IVS1-3F TAGCTGGGCTTTGGAATATCAT Chr17:46,783,899-46,783,920 61 520
chr17 WNT3_IVS1-2R GCAACACAAACCTCTACCCCTA Chr17:46,784,399-46,784,418
Junction fragment ANKRD11 IVS3-1F CCACCTCCCATCCACACCT Chr16:89,401,547-89,401,566 61 559
der(16) WNT3_IVS1-2R GCAACACAAACCTCTACCCCTA Chrl7:46,784,399-46,784,418
Junction fragment WNT3_IVS1-1F CAGCCTACCCCTTACTTTTCAC Chrl7:46,781,765-46,781,785 61 357
der(17) ANKRD11 IVS3-2R GTACCCAGAGAGGGGTCAGC Chr16:89,401,821-89,401,840
seg[GRCh38] chr3:9.27354680 27408191del
Control fragment SLC4A7 IVS13-1F ACACACTCTGGGACCGTATCT Chr3:27,407,917-27,407,937 63 964
proximal SLC4A7_IVS13-2R CTGTGGCTTTTTGAAGTGGCAT Chr3:27,408,859-27,408,880
Control fragment NEK10_IVS2-1F CCAAGTCTCTCAGCACAGGAG Chr3:27,353,627-27,353,647 63 606
distal NEK10 IVS2-2R GCAGAAGAAGCCTGTGAGCTT Chr3:27,354,222-27,354,242
Deletion junction NEK10_IVS2-1F CCAAGTCTCTCAGCACAGGAG Chr3:27,353,627-27,353,647 63 1741
fragment SLC4A7_IVS13-2R CTGTGGCTTTTTGAAGTGGCAT Chr3:27,408,859-27,408,880 '
seq[GRCh38] chr8:9.129061233 129897281del
Control fragment AC104256-3F TAGGGAAACCAAGTTCAGGCTC Chr8:129,060,775-129,060,796 60 681
proximal AC104256-4R GGTGAAACACAGATGATGCTCC Chr8:129,061,434-129,061,455
Control fragment FAM49B-1F ACCTCCCCAGAGTGAGAGTC Chr8:129,896,671-129,896,689 60 1.010
distal FAM49B-3R TATAGGCATTAGCCGCCCAC Chr8:129,897,660-129,897,679 '
Deletion junction AC104256-3F TAGGGAAACCAAGTTCAGGCTC Chr8:129,060,775-129,060,796 60 858
fragment FAM49B-3R TATAGGCATTAGCCGCCCAC Chr8:129,897,660-129,897,679
DGRCO0019
t(2;19)(p13.3;913.11)
Control fragment ATP6V1B1-1F AGGTGTGAGCCACTGTAGCTG Chr2:70,941,481-70,941,502 61 635
chr2 ATP6V1B1-2R GACTCACACTCCTCGCTCTCAG Chr2:70,941,807-70,941,828
Control fragment  A008805-1F AGCAGCACCTTGTTTTTTTTG Chr19:32,878,365-32,878,385 61 287
chrl9 A008805-2R TCTGTTTTAGCCAGGGCATG Chr19:32,878,632-32,878,651
Junction fragment ATP6V1B1-2R GACTCACACTCCTCGCTCTCAG Chr2:70,941,807-70,941,828 61 459
der(2) A008805-2R TCTGTTTTAGCCAGGGCATG Chr19:32,878,632-32,878,651
A008805-1F AGCAGCACCTTGTTTITTTIG Chr19:32,878,365-32,878,385
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Junction fragment ATP6V1B1-1F AGGTGTGAGCCACTGTAGCTG Chr2:70,941,481-70,941,502 61 461
DGRCO0006
t(8;