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Abstract  Structural variants (SVs) pose a chal-
lenge to detect and interpret, but their study provides 
novel biological insights and molecular diagnosis 
underlying rare diseases. The aim of this study was 
to resolve a 9p24 rearrangement segregating in a 
family through five generations with a congenital 
heart defect (congenital pulmonary and aortic val-
vular stenosis and pulmonary artery stenosis), by 
applying a combined genomic analysis. The analysis 
involved multiple techniques, including karyotype, 

chromosomal microarray analysis (CMA), FISH, 
genome sequencing (GS), RNA-seq, and optical 
genome mapping (OGM). A complex 9p24 SV was 
hinted at by CMA results, showing three interspersed 
duplicated segments. Combined GS and OGM analy-
ses revealed that the 9p24 duplications constitute a 
complex SV, on which a set of breakpoints matches 
the boundaries of the CMA duplicated sequences. 
The proposed structure for this complex rearrange-
ment implies three duplications associated with an 
inversion of ~ 2  Mb region on chromosome 9 and 
a SINE element insertion at the more distal break-
point. Interestingly, this genomic structure of rear-
rangement forms a chimeric transcript of the KANK1/
DMRT1 loci, which was confirmed by both RNA-seq 
and Sanger sequencing on blood samples from 9p24 
rearrangement carriers. Altogether with breakpoint 
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amplification and FISH analysis, this combined 
approach allowed a deep characterization of this com-
plex rearrangement. Although the genotype–pheno-
type correlation remains elusive from the molecular 
mechanism point of view, this study identified a large 
genomic rearrangement at 9p24 segregating with a 
familial congenital heart defect, revealing a genetic 
biomarker that was successfully applied for embryo 
selection, changing the reproductive perspective of 
affected individuals.

Keywords  Congenital pulmonary and aortic 
valvular stenosis · Pulmonary artery stenosis · 
Structural variation · Germline chimeric transcripts · 
KANK1

Introduction

Structural variations (SV) can have a significant 
impact on congenital human diseases (Schuy et  al. 
2022). Duplications at the short arm of chromosome 
9 (9p) are a frequent autosomal alteration of the new-
borns (Temtamy et  al. 2007; Guilherme et  al. 2014; 
Cammarata-Scalisi 2019), with more than 200 cases 
reported up to now (Sams et al. 2022). In the major-
ity of the cases, 9p duplication causes global develop-
mental delay and a well-recognized spectrum of find-
ings, such as craniofacial (mainly microcephaly and 
typical facial dysmorphisms) and hands/toes anoma-
lies, accompanied by a broad range of less common 
additional varying features, including kidney abnor-
malities, other skeletal malformations, and congenital 
heart defects (Sams et al. 2022; Temtamy et al. 2007; 
Guilherme et al. 2014; Stagi et al. 2014; Morrissette 
et al. 2003, 9; Nakagawa et al. 1999). This phenotypic 
heterogeneity can be explained by the large number 
of genes that can be affected and the variable size of 
the duplicated regions. In addition, 9p duplications 
are mostly due to segregation of derivative chromo-
somes from balanced rearrangements, resulting in 
additional extra 9p chromosomal abnormalities, and 
only a few of them are de novo pure 9p duplications 
(Sams et al. 2022; Tkemaladze et al. 2023; Krepischi-
Santos and Vianna-Morgante 2003).

Although 9p is a relatively gene-poor genomic 
segment, it contains more than 450 genes, some 
of them essential for human development. At least 
50 of them were previously associated with human 

diseases. Several efforts were done to define specific 
loci within 9p responsible for each phenotypic mani-
festation (Sams et al. 2022; Wilson et al. 1985; Huret 
et al. 1988), resulting in the delimitation of a minimal 
critical subregion at 9p24-9p22 (Haddad et al. 1996; 
Fujimoto et al. 1998). However, there is still no con-
sistent genotype–phenotype correlation (Cammarata-
Scalisi 2019; Littooij et al. 2002).

It is noteworthy that both 9p deletions and duplica-
tions can be associated with congenital heart defects 
(CHD) (Morrissette et  al. 2003; Nakagawa et  al. 
1999; Sams et al. 2022), implicating one or more loci 
for this pathology in the short arm of chromosome 9. 
CHD is the most common birth defect in newborns 
and a substantive cause of morbidity and mortality in 
infancy (Houyel and Meilhac 2021).

SVs, including duplications, can affect the expres-
sion of genes nearby breakpoints and even several 
hundred kilobases away (Kabirova et al. 2023). Here, 
we report a complex cryptic rearrangement at 9p24 
comprising three duplications, which is segregat-
ing in a large pedigree in a dominant pattern through 
five generations, with 22 individuals affected by an 
isolated CHD (pulmonary artery and aortic steno-
sis). Using a combination of genomic approaches and 
transcriptomic analysis, we dissect the structure of 
this complex SV.

Results

We investigated here a 5-generation family with 22 
individuals presenting with a phenotype of nonsyn-
dromic pulmonary artery and aortic stenosis.

Clinical description

The proband was followed by a pediatric cardiolo-
gist from 2  years of age, with clinical and echocar-
diographic diagnosis of valvular aortic stenosis and 
both valvular and supravalvular pulmonary stenosis. 
At diagnosis, the maximal gradients were 25 mmHg 
through the aortic valve, 20 mmHg through the pul-
monary valve, and 15 mmHg at the supravalvular pul-
monary artery. The severity of the condition slowly 
progressed and at the age of 8 the gradients has risen 
to 34, 70, and 35 mmHg, respectively. He underwent 
percutaneous dilatation of the pulmonary valve, fol-
lowed by a progressive clinical worsening of the 
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electrocardiographic, radiological, and echocardio-
graphic signs, with an increase in aortic gradient to 
114 mmHg at the age of 15. Cardiac surgery was then 
indicated, and he was submitted to implantation of a 
metallic aortic valve prosthesis coupled to supraval-
vular pulmonary artery angioplasty. Both immediate 
and late postoperative outcomes were uneventful, and 
he is still asymptomatic at 42 years of age, with near 
normal cardiac clinical, radiological, and echocardio-
graphic examinations. The proband’s offspring con-
sisted of three children. The first baby had an early 
diagnosis of severe valvular aortic and valvular pul-
monary stenosis requiring urgent cardiac surgery at 
2 months of age; albeit technically successful, it was 
followed by clinical deterioration and rapid demise. 
The two other children were unaffected by the CHD 
and conceived by in  vitro fertilization followed by 
embryo selection, based on the results of the genomic 
analysis described here.

G‑banded karyotype, exome sequencing (ES), and 
chromosomal microarray analysis (CMA)

G-banded karyotype of the proband showed no 
abnormalities (Supplementary Fig.  1a), and exome 
sequencing did not detect any pathogenic variants. 
CMA at 180K resolution (Agilent Technologies) was 
performed in proband’s DNA sample extracted from 
peripheral blood, revealing copy number variants 

(CNVs) of 9p24.3 sequences < 500 kb: two adjacent 
duplicated genomic segments, interspersed between 
a normal copy number segment (Supplementary 
Fig. 1b).

To further refine the breakpoints of the duplicated 
sequences, a high-resolution 9p microarray was used, 
which delimited the two 9p24.3 duplications and dis-
closed a third duplicated segment mapped to 9p24.2 
(Fig. 1). The genomic coordinates of the three dupli-
cated segments were as follows: dup1: arr[GRCh38] 
9p24.3(346084_700056)×3, a 354,973  bp seg-
ment with partial duplication of DOCK8 and 
KANK1 sequences (OMIM morbid genes); dup2: 
arr[GRCh38] 9p24.3(788363_864099)×3, a 
75,737  bp segment with partial DMRT1 duplication 
(not a OMIM morbid gene); and dup3: arr[GRCh38] 
9p24.2 (2271746_2351089)×3, a 79,344  bp region 
(no genes), centromeric to the SMARCA2 gene.

Although the duplicated segments partially encom-
pass DOCK8, KANK1, and DMRT1 sequences, the 
resulting structure could not lead to gene disruption. 
Moreover, this region is covered by several overlap-
ping CNVs (duplications and deletions) in control 
populations (DGV—http://​dgv.​tcag.​ca/​dgv/​app/​home; 
gnomAD—https://​gnomad.​broad​insti​tute.​org/). In 
DGV gold standard, overlapping duplications are 
reported with frequencies ~ 0.1%; in gnomAD, there 
are scarce overlapping duplications, all of them with 

Fig. 1   Chromosomal microarray analysis (CMA) revealed a 
complex pattern of 9p24 duplications. The plot shows the copy 
number profile (log2 ratios, Y = axis) of the distal region of the 
short arm of chromosome 9 (9p24), with probes (black dots) 
depicted according to their genomic coordinates (from pter 
to the centromere, X-axis). To further refine the duplications 
breakpoints, we applied a CMA (array-CGH) based on a cus-
tom 44K (Agilent) platform covering at higher resolution the 

9p sequences, which confirmed the presence of two adjacent 
9p24.3 duplications (dup1 and dup2) and disclosed a third 
(dup3) one at 9p24.3 (blue shadows and dark blue horizontal 
lines in the 9p24 ideogram). Above the CNV plot, regions with 
polymorphic CNVs are presented (pink horizontal lines), as 
well as genes mapped to the segment (black lines) with respec-
tive exons. Image extracted from Nexus Copy Number soft-
ware (Bionano)
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frequencies < 0.02%.Therefore, the 9p24 CNVs were 
classified as variants of unknown significance (VUS).

The proband is one of the 22 affected individuals 
of a large family with aortic and pulmonary artery 
stenosis transmitted in a dominant pattern through 
five generations (Fig. 2). To verify a possible associa-
tion of the complex SV detected in the proband with 
the phenotype, 21 additional family members were 
evaluated by CMA (data not shown). The analysis 
revealed that the 9p24 rearrangement segregated with 
the CHD in all 11 affected individuals, while it was 
absent in all 11 normal relatives.

Genome sequencing (GS) and optical genome 
mapping (OGM)

To dissect the structure of the 9p chromosomal rear-
rangement discovered by CMA, we employed GS and 
OGM techniques.

OGM at 100X coverage was analyzed regard-
ing the 9p24 rearrangement and other possible SVs. 
Although the duplications could be visualized in the 
copy number track, they were not called by either 
Access software pipelines (pipeline CNV, which 
detects copy number changes > 500 kb; and pipeline 
SV, which detects duplications > 30 kb). Analysis of 
the detected SVs showed the presence of three hybrid 

molecules at 9p24 (Fig. 3). These 9p24 hybrid mol-
ecules were manually analyzed based on the genomic 
coordinates at the breakpoints/junction sequences, 
identifying breakpoints and an inversion.

GS data analysis identified the three 9p24 dupli-
cated segments, showed two breakpoints with dis-
cordant reads, and indicated that both homologs of 
chromosome 9 contain at least one copy of the con-
cordant sequence around the breakpoints, as shown in 
Fig.  4a, b. OGM data confirmed all the breakpoints 
identified by GS analysis and revealed one additional 
junction, including an inverted segment.

Taken together, GS and OGM analyses confirmed 
the three 9p24 duplications reported by CMA, dis-
closed an SV complex pattern, and identified a par-
tially overlapping set of breakpoints (Fig.  4), all of 
them matching the boundaries of the CMA duplicated 
sequences.

The combined evaluation of data allowed us to 
propose a structure for this complex rearrangement, 
which implies an inversion of ~ 2 Mb region on chro-
mosome 9 with partial duplications at the breakpoint 
regions. Since this 2 Mb inversion is confirmed, this 
structure looks like a large inverted region with dupli-
cated and nonduplicated sequences.

To validate the proposed 9p24 rearrangement 
structure, we amplified and sequenced by Sanger 

Fig. 2   Family pedigree showing five generations of individu-
als affected by an isolated congenital heart disease. The arrow 
indicates the proband (black symbols denoted affected indi-
viduals with pulmonary artery and aortic stenosis; orange is 
a female patient who was born only with heart murmur). All 
affected individuals evaluated by CMA were carriers of the 

9p24 rearrangement (red asterisk), while evaluated normal 
family members were noncarriers (black minus symbol). The 
two alive affected individuals of the last generation were not 
tested. The two unaffected children of the proband were con-
ceived by in  vitro fertilization followed by embryo selection, 
based on the results of the genomic analysis described here
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the dup2-dup3 breakpoint, which was not cov-
ered by split-reads in the GS data. Due to the pres-
ence of homopolymer tracts within these regions, 
we were not able to obtain complete end-to-end 
sequence. Thus, we employed NGS to analyze the 
obtained amplicons. This analysis confirmed the 
junction between dup2 and inverted dup3 regions 
and revealed an insertion of a ~ 500  bp sequence 

between them that corresponds to a SINE element 
(Supplementary Fig. 2).

FISH analysis with BAC probes (Supplementary 
Fig.  3) mapped to 9p24.3 duplicated segment dup1 
showed that the additional 9p genomic copies were 
not inserted in other chromosomes nor moved to a 
distant region of chromosome 9. In addition, the rear-
ranged chromosome 9 appeared to carry a segment 

Fig. 3   Optical genome mapping reveals the structure of 
the 9p24 complex rearrangement. Single molecule view of 
proband DNA sample mapping to reference chromosome 9 
with breakpoints mapped to DOCK8, KANK1, and DMRT1. 
GRCh38 reference chromosomes with OGM label patterns are 
shown on the top (Ref 9; gray with dark blue vertical bars), 

and assembled maps of hybrid molecules with label patterns 
are shown in light blue. Alignments between reference maps 
and hybrid molecules are shown as gray strings. Overlap-
ping genes are depicted as orange bars. Image extracted from 
Access software

Fig. 4   Assembling the complex 9p24 chromosome rearrange-
ment. a IGV screenshot showing GS read coverage, genes, and 
breakpoint coordinates in 9p regions. The reference sequence 
and proposed rearrangement structure are shown below the 

screenshot, with duplicated segments depicted as colored 
arrows (red for dup1, green for dup2, and blue for dup3). Sche-
matic representation of the breakpoints (represented by *) 
identified using b GS and c OGM data
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inserted between the two duplicated regions dup1 
and dup2; in interphase nuclei, using FISH probes 
mapped to distal duplicated 9p24.3 segments, an 
increased distance between the dup1 signals was 
observed in only the rearranged chromosome 9. We 
also performed FISH analysis with probes contain-
ing nonduplicated genomic sequences, one of them 
proximal (centromeric) to dup3 and other within the 
inverted segment; in interphase nuclei, hybridization 
also showed an increased distance between these non-
duplicated sequences. Taken together, this data fur-
ther supported the existence of an inversion near the 
breakpoints.

At this point, 9p24 SV was considered a biomarker 
for the proband segregating with the phenotype, and 
this information was used for embryos selection in 
preimplantation genetic diagnosis (PDG), after fertili-
zation in vitro (IFV). Two healthy noncarrier children 
were born after this procedure.

9p24 rearrangement results in a chimeric 
KANK1‑DMRT1 transcript

The proposed structure of the 9p24 rearrangement 
suggests that in the absence of KANK1 termination 
sequence of transcription, the RNA polymerase start-
ing at the KANK1 promoter region should continue 

into the intergenic region upstream KANK1, and then 
terminate after DMRT1 gene (Fig. 5, top panels).

This would result in the formation of a chimeric 
transcript including a 5′-prime fragment of KANK1 
(exons 1 and 2 of the MANE-annotated isoform of 
KANK1 ENST00000382297.7) and a portion of the 
DMRT1 gene. Moreover, according to the in silico 
prediction of GENA tool (Fishman et al. 2023), there 
is a pair of splice donor and acceptor sites located 
close to each other in a region between KANK1 
and DMRT1; processing of this donor–acceptor 
pair results in a putative 48-bp exon, which can be 
included into the mature transcript sequence.

To study the structure of the transcripts originat-
ing from the KANK1 promoter, we performed a RNA-
seq experiment on blood samples from three 9p24 
rearrangement carriers and three unrelated controls 
(Supplementary Fig. 4). In all samples, we observed 
high DOCK8 expression and low-level expression of 
KANK1. In control samples, we detected no RNA-
seq reads aligning to the DMRT1 locus, consistent 
with the testis-specific expression pattern of this gene 
(Raymond et al. 1999). However, in the 9p24 SV car-
riers, the duplicated region including DMRT1 gene 
was covered by RNA-seq reads. All reads mapped 
in this region support transcription from the forward 
strand; this strand should be observed if transcription 
starts from the KANK1 gene promoter. Although the 

Fig. 5   Structure and sequencing data of the KANK1-DMRT1 
chimeric transcripts. Top panels show the structure of KANK1-
DMRT1 locus in the reference genome and the 9p24 rearrange-
ment. SA and SD show positions of the in silico predicted 
splice acceptor (SA) and splice donor (SD) sites. Arrows 
indicate the positions of primers within KANK1 exon 2 and 
DMRT1 exon 2 that were used to amplify the chimeric tran-

script. The Sanger sequencing data of the obtained amplicons 
are shown at the bottom. The sequencing data shows the junc-
tion of KANK1 exon 2 and DMRT1 exon 2 without any extra 
sequence between them. According to this transcript struc-
ture, there is a premature stop codon within DMRT1 exon 2 
(depicted as an asterisk in the translation track)



Chromosome Res            (2024) 32:6 	

1 3

Page 7 of 13      6 

Vol.: (0123456789)

coverage of this region is low, we were able to detect 
several RNA-seq reads suggesting the junction of the 
KANK1 exon 2 with DMRT1 exon 2.

To further validate this observation, we designed 
primers specific to KANK1 exon 2 and DMRT1 exon 
2 (Fig.  5, arrows) and used blood cDNA obtained 
from a rearrangement carrier as a PCR template. 
This PCR reaction yields a product with a length 
equal to the combined size of KANK1 exon 2 and 
DMRT1 exon 2, and no product was detected in unre-
lated control samples. Sanger sequencing of the PCR 
product confirmed the presence of a chimeric tran-
script involving the junction of exons 2 from both 
KANK1 and DMRT1 (Fig. 5, bottom panel). Moreo-
ver, the amplified product did not contain any extra 
sequence between KANK1 and DMRT1 exons. Hence, 
the splice sites predicted by GENA in the intergenic 
sequence may be nonfunctional or lead to an alter-
native splice isoform, which might go undetected by 
PCR due to the substantial length of the resulting 
product. We note that both observed KANK1-DMRT1 
fusion and predicted transcript with extra exon con-
tain premature stop-codons (Fig.  5), suggesting that 
the chimeric transcripts probably undergo nonsense-
mediated RNA decay.

Altogether with breakpoint amplification and FISH 
analysis, this data confirms the proposed structure for 
the 9p24 complex SV, indicating that there is an addi-
tional copy of KANK1, which is truncated, and there 
is a read-through from this copy into the DMRT1 
locus.

Discussion

Complex rearrangements are still an underestimated 
cause of genetic diseases, and in some loci, they con-
stitute up to 30% of the pathogenic CNVs (Schuy 
et al. 2022). Sensitivity of the available methods for 
SV detection is especially limited for resolving com-
plex SVs involving multiple chromosomal segments. 
This study confirms the importance of a multiomics 
approach and a combination of different techniques 
like CMA, FISH, GS, OGM, and RNASeq to fully 
dissect a complex chromosomal rearrangement. CMA 
revealed the duplications, whereas GS/OGM allowed 
the refinement of the breakpoints, revealed the pres-
ence of an inversion, phasing of the multiple rear-
rangements in cis, and provided a framework for the 

proposal of genomic structure. Although the com-
plex nature of the 9p24 SV was revealed by OGM, 
confirming breakpoints already detected by GS and 
revealing a new one, the duplicated segments were 
not called, which revealed a limitation of the sys-
tem. FISH was crucial to show that the duplicated 
segments mapped on 9p24 and also to support the 
proposed structure of the rearrangement, with an 
inversion associated with duplications. Finally, RNA-
seq and Sanger sequencing provided experimen-
tal evidence of the existence of chimeric KANK1/
DMRT1 transcripts, and in silico AI-based predictive 
tools assisted in analysis of the chimeric transcript 
structure.

Duplication/deletions restricted to the 9p24.3 
cytoband, including DOCK8 and KANK1, have 
been reported across multiple neurodevelopmen-
tal/psychiatric phenotypes (Capkova et  al. 2021; 
Glessner et  al. 2017). DOCK8 biallelic mutations 
cause a recessive condition (https://​omim.​org/​
entry/​243700); its disruption in heterozygosity 
was identified in a few patients with  intellectual 
disability and/or seizures (Griggs et  al. 2008), 
who were not further evaluated by the presence of 
additional pathogenic variants by exome analysis. 
This is the case for several reports of 9p24.3 CNV 
cases, and current data can only support a possi-
ble contribution to neurodevelopmental/psychiat-
ric phenotypes in a multifactorial model. There-
fore, an association of 9p24.3 heterozygous CNVs 
with clinical findings, as major variants with high 
impact, is still controversial. CNVs encompassing 
DOCK8 or KANK1 are detected in the general pop-
ulation at a relatively high frequency, and an even-
tual contribution to a congenital rare phenotype 
should be evaluated with caution. The absence of 
a neurodevelopment phenotype associated with the 
DOCK8/KANK1 duplication (dup1) disclosed in 
our family is not surprising.

Haploinsufficiency of DMRT1, 2 and 3, mainly 
due to 9p24.3 deletions, was already associated with 
disorders of the sexual development, such as ambigu-
ous external genitalia in males, as well as gonadal 
dysgenesis (OMIM #154230 46XY sex reversal 
4; (Muroya et  al. 2000; Shan et  al. 2000; Livadas 
et  al. 2003; Quinonez et  al. 2013)). In the current 
case, there is involvement only of the DMRT1 gene 
(dup2), and similar phenotypes are not present in the 
9p24 SV carriers reported here. In association with 
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the duplications and inversion, we detected a non-
reference (both GRCh38 and T2T) SINE insertion 
at one of the breakpoints disrupts one of the copies 
of the DMRT1 gene. SINE is a transposable element, 
and its mobilization has long been associated with 
evolution and human diseases (Akrami and Habibi 
2014; Pfaff et  al. 2022). Several cases linked with 
SINE-VNTR-Alus rearrangements induce aberrant 
splicing patterns, and we cannot exclude the possi-
bility that this insertion alters the DMRT1 expression 
pattern. Copy number variants overlapping the short 
arm of chromosome 9 were already associated with 
CHD (Sams et al. 2022; Morrissette et al. 2003; Nak-
agawa et  al. 1999) implicating one or more loci in 
this genomic region. The genetic landscape of CHD 
is complex, and an interesting emerging feature is 
that CHD mutations often alter gene/protein dosage 
(Fahed et  al. 2013; Simmons and Brueckner 2017; 
Yasuhara and Garg 2021). There are several genes 
mapped to the short arm of chromosome 9 that have 
been reported in association with heart development 
or function, such as KANK1 (Nguyen and Lee 2022; 
Botos et  al. 2023; Hensley et  al. 2016), SMARCA2 
(Lim et  al. 2021; Wang et  al. 2022), IFT74 (Bakey 
et  al. 2023), PIGO (Krawitz et  al. 2012), DNAI1 
(Kennedy et  al. 2007; Nakhleh et  al. 2012), and 
NFIB (Rao and Goel 2020; Schanze et  al. 2018). 
KANK1 and SMARCA2 are involved in the studied 
SV, respectively, in dup1 and in the inversion.

SMARCA2 is not disrupted by the rearrange-
ment, but it is included in the inverted segment. The 
haploinsufficiency of SMARCA2 causes two domi-
nant developmental conditions, namely, blepharo-
phimosis-impaired intellectual development syn-
drome (OMIM #619293) and Nicolaides-Baraitser 
(OMIM #601358), with other clinical signs includ-
ing CHD. However, as both conditions are associ-
ated with severe syndromic intellectual disability, it 
is not probable that its expression is disrupted by the 
rearrangement.

Regarding KANK1, deletion of the paternal allele 
was reported in one single family to cause the con-
dition named cerebral palsy, spastic quadriplegic 
2 (OMIM #612900); however, no following stud-
ies support this association. Indeed, chromosome 9 
uniparental disomy is not related to imprinted syn-
dromes (Elbracht et  al. 2020), and clinical findings 
in UPD(9) are commonly attributed to homozygous 
variants in genes related to recessive conditions or 

residual trisomy in mosaic. Currently, there is no 
clinical evidence for haploinsufficiency or triplosen-
sitivity of KANK1 (KANK1 curation results for Dos-
age Sensitivity). Notwithstanding, we have found 
evidence in literature proposing a role for KANK1 in 
cardiac development (Nguyen and Lee 2022; Botos 
et al. 2023). KANK genes are scaffold proteins, bridg-
ing microtubules to focal adhesion sites (Botos et al. 
2023; Pan et al. 2018). The Kank1 protein expression 
was shown to be widely distributed in various murine 
tissues, with relatively high levels in cardiac muscle 
(Nguyen and Lee 2022). In humans, the longest tran-
script (NM_015158) shows tissue specific expression, 
predominantly in the heart and kidney. In addition, it 
was found in an injury-specific gene regulatory net-
work in a transcriptome analysis related to cardiac 
regeneration in zebrafish (Botos et al. 2023).

It is not clear how a complex SV involving three 
DNA segments was formed, with six breakpoints 
(two in each CNV) with three breakpoint junctions. 
At both sides flanking the dup2-dup3 breakpoint, we 
observed microhomologies of simple repeats com-
posed of polyA/T sequences. However, insertion of a 
nonreference SINE element between dup2 and dup3 
argues against nonallelic recombination caused by 
homology of these polyA/T sequences. Alternatively, 
the SINE insertion might be present in the ancestral 
chromosome on which the rearrangement took place 
or is an additional event occurring after SV has been 
formed. It is interesting to note that the transcriptome 
analysis detected the presence of chimeric transcripts 
encompassing KANK1 and DMRT1 exons, which 
was further confirmed by cDNA amplification and 
Sanger sequencing. The detection of chimeric tran-
scripts may reinforce a modified product of KANK1 
as a candidate for the phenotype. The role of chi-
meric transcripts as cause of congenital defects is 
poorly explored (Zuccherato et al. 2016), in contrast 
to fusion transcripts commonly described as somatic 
events in cancer (Salokas et al. 2023). Only isolated 
cases were reported related to the detection of chi-
meric transcripts (gene fusions) as underlying molec-
ular cause of developmental/neurological phenotypes 
(Boone et al. 2014; Ferrari et al. 2017). Recently, two 
studies employed an approach of detecting chimeric 
transcripts using RNA-seq data in rare congenital dis-
eases, one of them with individuals with birth defects 
(Yamada et  al. 2021; Oliver et  al. 2019), leading to 
an increased diagnostic rate. Both in silico analysis 
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of potential splice variants and experimental evalua-
tion of transcript isoforms in the current case suggest 
the presence of a premature stop-codon in the fusion 
transcript, which probably would undergo nonsense-
mediated RNA decay. However, some level of escape 
from the nonsense-mediated RNA decay mechanism 
is evident by the validated chimeric transcript, and an 
eventual contribution of this fusion KANK1-DMRT1 
gene to the cardiac phenotype remains to be fully 
explored.

Considering the recent report of ultra-long-range 
interactions between active regulatory elements 
(Friman et  al. 2023), distant 9p genes with normal 
copy number could be misregulated due to this 9p 
rearrangement, which makes the derivation of gen-
otype-to-phenotype association relationships even 
more complicated. In particular, the study of this SV 
was crucial for genetic counseling and reproductive 
choices of the family. Even without the identifica-
tion of the precise mechanism underlying the CHD 
phenotype, this study identified the SV as a bio-
marker that was used to identify embryos at risk and 
select for implantation those without the CHD risk. 
This strategy resulted in a healthy offspring for at 
least one couple.

Patients and methods

Patients and genomic samples

Written informed consent for this study was obtained 
from affected individuals or their parents. Genomic 
DNA samples were extracted from peripheral blood 
of 22 family members (n = 11 patients and n = 11 non-
affected relatives), using standard procedures (phe-
nol–chloroform followed by ethanol precipitation). 
RNA samples were obtained from peripheral blood 
of three male patients and three nonrelated male con-
trols using the RNeasy Mini Kit (QIAGEN).

GTG‑banded karyotype, FISH, and chromosomal 
microarray analysis (CMA)

Peripheral blood temporary culture (72  h) was per-
formed in the presence of phytohemagglutinin, and 
GTG-banding was obtained according to stand-
ard methods. FISH analysis based on metaphase 
spreads and interphase preparations was performed 

using BAC clones, as previously described (A. C. 
V. Krepischi-Santos et  al. 2009), with genomic 
sequences mapped to the short arm of chromosome 9.

Chromosome microarray analysis (array-CGH) 
was done according to the manufacturer’s instruc-
tions, using a 180  K and a custom tiling-path high-
resolution chromosome 9p oligonucleotide platform 
(Agilent Technologies (Grochowski et  al. 2018)). 
Data were extracted and analyzed for copy number 
changes using the software Nexus Copy Number Dis-
covery (Bionano) and analyzed as previously reported 
(Krepischi et al. 2022). CNV calls were based on at 
least three consecutive probes with aberrant log2 
ratios and compared with the Database of Genomic 
Variants (http://​proje​cts.​tcag.​ca/​varia​tion/) aiming to 
exclude polymorphisms (frequency > 1%). Detected 
CNVs were classified according to five tiers of 
pathogenicity, following the guidelines suggested by 
(Riggs et  al. 2020). The following public databases 
were consulted: University of California Santa Cruz 
(UCSC) (http://​genome.​ucsc.​edu/), OMIM (https://​
omim.​org/), ClinGen Dosage Sensitivity (https://​
search.​clini​calge​nome.​org/​kb/​gene-​dosage/​cnv?​
page=​1&​size=​25&​search =), DECIPHER (https://​
www.​decip​herge​nomics.​org/), and PubMed (https://​
pubmed.​ncbi.​nlm.​nih.​gov/).

Genome sequencing (GS) analysis

GS data of six individuals (carriers of the 9p rear-
rangement, and three unrelated controls) was 
obtained. Briefly, genomic libraries were constructed 
with 1  µg of genomic DNA and sequenced on the 
Illumina HiSeq 2500 platform using 150 base paired 
end reads (~ 30 × coverage). Reads were aligned to the 
GRCh38 human genome reference using the BWA 
algorithm (Li 2013) to generate the BAM files, and 
PCR duplicates were removed from further inves-
tigation by Picard tools (v.1.8, http://​broad​insti​tute.​
github.​io/​picard/). The Genome Analysis Toolkit 
(GATK 3.7) (McKenna et al. 2010) was used to rea-
lign indels, recalibrate the bases, and call (Unified 
Genotyper) and recalibrate variants (VQSR).

For analysis, based on the alignment results, we 
computed tracks showing the depth of coverage 
(using deepTools bamCoverage) (Ramírez et al. 2016) 
and discordant read pairs (using samtools) (Danecek 
et  al. 2021). These data were visualized using the 
IGV software. Breakpoint structures were assessed 
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based on the following filters: the presence of split-
reads (≥ 4 in case, no reads in control), with matching 
supplementary segment sequence, and the presence 
of discordantly aligned mates (≥ 5 in case, ≤ 1 in con-
trol), with matching mate alignment coordinates. The 
orientation of the DNA segments was determined 
based on the alignment locations and strands. For two 
breakpoints where discordant reads were detected, we 
identified single-nucleotide variants (SNV) near the 
breakpoints. Analyzing SNV distribution in reads, we 
classified all pairs as follows: (1) concordant read pair 
with reference sequence, (2) discordant read pair with 
an alternative sequence, and (3) concordant read pair 
with an alternative sequence. These data indicate that 
both homologs of chromosome 9 contain at least one 
copy of the concordant sequence around the break-
point, as shown in the first two lines in Fig. 4B.

Optical genome mapping (OGM) data analysis

OGM was conducted with ultra-high molecular 
weight DNA samples (> 150  kb) extracted from 
peripheral blood cells of the proband using the Bio-
nano Prep SP Blood and Cell DNA Isolation kit (Bio-
nano, San Diego, CA, USA). DNA labeling was per-
formed using the DLS DNA Labeling Kit (Bionano, 
San Diego, CA, USA) to add fluorophores to the spe-
cific motif “CTT​AAG​,” and the sample was run on 
the Saphyr chip to collect data on the Saphyr System 
(Bionano, San Diego, CA, USA) at 100× coverage. 
OGM data were analyzed using the De Novo Assem-
bly pipeline, followed by CNV and SV pipelines, and 
visualized using the Bionano Access software.

RNA‑seq analysis

Total RNA samples extracted from peripheral blood 
of three patients and three unrelated male con-
trols were used to build cDNA libraries using the 
TruSeq®Stranded Total RNA LT-kit (with Ribo-
Zero TM Gold) (Illumina, USA). Sequencing was 
performed on the NextSeq 500 platform Mid Output 
v2 Kit (150 cycles) (Illumina, USA). The FASTQ 
files were aligned against the ribosomal reference 
sequence (NCBI, 12/2017) using the BWA software 
[26] version 0.7.17-r1188, in MEM mode, with the 
standard parameters, except for the -t 4 parameters. 
Reads not aligned to ribosomal sequences went to 
the alignment step against the reference sequence of 

the human genome (version GRCh37-hg19) using the 
STAR software [27], version 2.6.1a_08-27. The anno-
tation database (GTF file) used was the Ensembl file 
in version 87 in the same build as the human genome 
reference (GRCh37).

Genomic breakpoint and chimeric transcript 
sequencing

One of the breakpoints was amplified by PCR using 
proband’s and control genomic DNA as template 
((94  °C, 4  min; 94  °C, 30  s; 67  °C, 40  s; 72  °C, 
2 min) × 14 cycles, decreasing the annealing tempera-
ture by 0.5  °C after each cycle; (94  °C, 30  s; 60  °C, 
40 s; 72 °C, 2 min) × 23 cycles; 72 °C, 10 min; 4 °C). 
Primer sequences were 9pD3_2350050F:tgaggtcaagca
tctttttatatg, 9pD2_863684F:cgtcagatttcggacccaca, and 
9pD2_863969F: gtgcaagtttcccccGACTA. Libraries of 
the two amplicons were prepared using E6177S NEB-
Next ultra II FS library preparation with beads and 
E7710S NEBNext multiplex oligos for illumina set 3 
(index CAC​TCA​ and CAG​GCG​) and sequenced on an 
Illumina MiSeq equipment with MiSeq Reagent Nano 
Kit v2 (300-cycles). The total covered genomic region 
was ~ 2 Mb. Sequence reads were aligned to the refer-
ence human genome (hg37).

The chimeric transcript was amplified with blood 
cDNA from a carrier using the following primer 
sequences: r9pF1 TGC​ATG​ACT​CCT​CAC​TCC​TT and 
r9pR1 CTG​CAG​TGG​TGG​GGA​CAC​.
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