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Abstract
Background  Mapping the breakpoints in de novo 
balanced chromosomal translocations (BCT) in 
symptomatic individuals provides a unique opportunity to 
identify in an unbiased way the likely causative genetic 
defect and thus find novel human disease candidate 
genes. Our aim was to fine-map breakpoints of de novo 
BCTs in a case series of nine patients.
Methods  Shallow whole-genome mate pair sequencing 
(SGMPS) together with long-range PCR and Sanger 
sequencing. In one case (BCT disrupting BAHD1 and 
RET) cDNA analysis was used to verify expression of a 
fusion transcript in cultured fibroblasts.
Results I n all nine probands 11 disrupted genes were 
found, that is, EFNA5, EBF3, LARGE, PPP2R5E, TXNDC5, 
ZNF423, NIPBL, BAHD1, RET, TRPS1 and SLC4A10. Five 
subjects had translocations that disrupted genes with 
so far unknown (EFNA5, BAHD1, PPP2R5E, TXNDC5) or 
poorly delineated impact on the phenotype (SLC4A10, 
two previous reports of BCT disrupting the gene). The 
four genes with no previous disease associations (EFNA5, 
BAHD1, PPP2R5E, TXNDC5), when compared with 
all human genes by a bootstrap test, had significantly 
higher pLI (p<0.017) and DOMINO (p<0.02) scores 
indicating enrichment in genes likely to be intolerant 
to single copy damage. Inspection of individual pLI and 
DOMINO scores, and local topologically associating 
domain structure suggested that EFNA5, BAHD1 and 
PPP2R5E were particularly good candidates for novel 
disease loci. The pathomechanism for BAHD1 may 
involve deregulation of expression due to fusion with 
RET promoter.
Conclusion  SGMPS in symptomatic carriers of BCTs is 
a powerful approach to delineate novel human gene–
disease associations.

Introduction
Balanced chromosomal translocations (BCT) cause 
exchange of genetic material between non-homologous 

chromosomes without any change in the amount of 
DNA.1 De novo BCTs have a frequency of 1 per 2000 
live births.2 Most individuals with BCTs are healthy, 
nonetheless in up to 26.8% of cases, BCTs are asso-
ciated with clinical pathology.3 Symptomatic BCTs 
provide a unique opportunity to identify the causative 
genetic mechanism as it is likely that such a mecha-
nism is directly related to genome damage inflicted by 
the breakpoint(s).

BCT may cause a disease by direct disruption of 
a gene through intragenic break that is pathogenic 
through haploinsufficiency.4 It is also possible that 
BCT creates a chimeric gene causing an expression 
of a novel protein or a novel promoter–gene combi-
nation. This mechanism occurring in somatic cells 
can cause cancer but there are also reports of similar 
germline events being responsible for mental retar-
dation or psychiatric diseases.5–8 Finally, the BCT 
breakpoint(s) may disrupt topologically associ-
ating domain (TAD) structure affecting regulatory 
elements and altering expression of genes that have 
not been directly damaged ,i.e. long-range position 
effect (LRPE).9–11

Historically, breakpoints in BCTs were mapped 
using karyotyping which was laborious and had 
limited resolution.12 13 Next-generation sequencing 
(NGS)  allowing whole-genome sequencing, in 
particular in the format of shallow genome mate 
pair sequencing (SGMPS), has considerably simpli-
fied identification of BCT breakpoints.1 14

In this study we present the results of de novo 
BCT mapping in a case series of nine symptomatic 
probands using SGMPS with a focus on cases where 
findings point to novel human disease candidate 
genes.

Patients
Written informed consent for all the genetic studies 
performed on the patients and their parents was 
obtained from the patients’ legal guardians.
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We studied nine symptomatic cases in whom de novo BCTs 
were found by standard karyotyping. The clinical inclusion 
criteria consisted of developmental delay, neurological dysfunc-
tion, congenital anomalies and/or dysmorphic features raising a 
suspicion of a known or novel genetically determined disease/
syndrome. In all cases, translocations were confirmed as 
balanced by array comparative genomic hybridisation (aCGH). 
Furthermore, no de novo  CNVs were found in any of the 
probands. The detailed clinical characteristic of five probands 
with breakpoint(s) in genes with unknown/poorly delineated 
disease phenotype is given below and summarised in table  1. 
Description of the remaining patients in whom the phenotype 
was considered as (likely/possibly) explained by the observed 
breakpoint(s) is shown in table 2.

Proband 1
The boy was the first child of healthy, non-consanguineous 
parents. The pregnancy was uneventful except for maternal 
hypothyroidism, treated effectively with thyroid hormone 
replacement. Birth weight at 39th week was 2160 g (<0.4th 
centile), length 48 cm (10th centile) and Apgar scores were 10 
both at 1 and 5 min. At birth he was hypotonic, had bilateral 
cloudy cornea and several dysmorphic features. At 12 months 
he had square face; high forehead; bilateral epicanthic folds; 
sparse eyebrows; short and upturned nose; long and flat phil-
trum; narrow upper lip; micrognathia; small, dysplastic, poste-
riorly rotated and low-set ears; hypoplastic nipples; short distal 
phalanges of fingers; bilateral single palmar crease; syndactyly of 
second and third toes; and mild sandal gap.

Echocardiogram showed supravalvular pulmonary stenosis 
and atrial septal defect. Renal and cranial ultrasound was 
normal but abdominal ultrasound examination showed a 
portosystemic venous shunt. Consequent ultrasound and 
Doppler study of the abdomen revealed drainage of the left 
branch of the portal vein into the left hepatic vein and the 
boy was diagnosed with Abernethy malformation type II. The 
aberrant vessel was 3.3 mm in diameter. At 6 months the shunt 
was successfully occluded by embolisation with Amplatzer 
vascular plug.

The ophthalmologic evaluation revealed bilateral cloudy 
cornea caused by persistent corneal fetal vascularisation, but 
apparently without retinal involvement. Audiometric testing 
(auditory brainstem response (ABR), tympanometry and distor-
tion product otoacoustic emissions  (DPOAE)) performed at 2 
months was normal.

Proband 2
The boy was born at 40th week with the following parameters: 
weight 3800 g (75th centile), length 59 cm (>90th centile), head 
circumference 35 cm (50th–75th centiles). The pregnancy was 
uncomplicated. Motor development was delayed: he sat unsup-
ported at 6 months, walked unassisted at 18 months and said his 
first words at 2 years. At 21 years he was referred to genetic coun-
selling unit due to moderate intellectual disability, hyperactivity 
features, coordination disorder and strange behavioural pattern 
consisting of sniffing. Body weight was 94 kg, height 194 cm 
(>97th centile) and occipitofrontal circumference  (OFC) 57 cm 
(50th centile). He attends special school and has significant 
speech delay. His dysmorphism includes distal hand camptodac-
tyly and unilateral transverse palmar crease. CT of the brain was 
normal.

Proband 3
The girl was born from the first pregnancy of healthy and 
non-consanguineous parents at 40th week with birth weight 
2950 g (5th–10th centiles), length 52 cm (90th centile) and Apgar 
score of 7 (OFC was not measured). During the first week septic 
ileus developed and gastrostomy was performed followed by 
colectomy at 9 months due to Hirschsprung disease (Mendelian 
Inheritance in Man (MIM): 142623). Since 10 months of age the 
girl experienced recurrent urinary tract infections and, eventu-
ally, complement proteins deficit was diagnosed and appropriate 
treatment started. Her physical and psychomotor development 
was near normal up to 13 years when progressive intellectual 
deterioration occurred. Her IQ declined from 96 to 46 by 20 
years. There were: learning difficulties, anxiety, depression, cata-
tonic stupor, loss of previously gained abilities, incomprehen-
sible speech and social withdrawal. A diagnosis of schizophrenia 
(paranoid type) was made. Electroencephalography (EEG) trac-
ings showed generalised discharges of spikes as well as polyspike 
slow-wave pattern.

At 21 years her physical parameters were: weight 60 kg (75th 
centile), height 160 cm (25th centile) and OFC 55 cm (50th 
centile). She has large, soft and narrow hands with mild short-
ening of the metacarpals and long tapering fingers. Head MRIs 
at 11, 14 and 17 years showed irregular angiogenic lesions in the 
white matter of the paraventricular right frontoparietal region, 
the neighbourhood of the collateral trigone of the left lateral 
ventricle and frontal lobe. In addition, the lateral ventricles were 
slightly widened.

Proband 4
The girl was born to healthy parents at 40th week by caesarean 
section (fetal heart rate disturbances) with Apgar score of 10, 
weight 2830 g (5th–10th centiles), height 54 cm (90th centile) 
and head circumference 33 cm (5th centile). The pregnancy was 
complicated by oligohydramnios and maternal pre-eclampsia. 
In neonatal period, there was hypertonia which subsided after 
the 1 year of age. Motor development was slightly delayed: she 
sat unsupported at 8–9 months, walked unassisted at 15 months 
and said her first words at 1 year. Sleep disturbances were noted 
in infancy. The disproportion between body weight and height 
remained. At preschool age she experienced recurrent infections 
(bronchitis, pneumonia and strep throat), abdominal pains, 
aphthous stomatitis and bloating. She had unexplained bedwet-
ting episodes. Ophthalmological examination revealed hyper-
opia and astigmatism, pigment dystrophy in the eye fundi and 
visual agnosia, and spatial apraxia.

At 12 years she was referred to a geneticist due to global 
developmental delay and low body weight of 35 kg (3rd centile) 
with height of 148 cm (3rd–10th centiles) and OFC 53 cm (25th 
centile). She attends a special school for children with impaired 
vision but have learning difficulties. Overall her cognitive devel-
opment is good; vocabulary, knowledge and reasoning are 
adequate for age. Her dysmorphism includes subtle hirsutism, 
low back hairline, coarse facial features and rounded nasal tip. 
Brain MRI, EEG, urine amino and organic acids, plasma amino 
acids, and  renal and abdominal ultrasound were normal. On 
aCGH, paternally inherited duplication at 3p22 was found. 
At 16 years the girl has mild intellectual delay and personality 
disorder, and suffers from self-mutilation.

Proband 5
The girl was born to healthy parents at 41st week from the first 
pregnancy with Apgar score of 9/10  in 1/5 min, weight 3620 g 
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Table 2  Characteristics of the probands with breakpoints in genes with known impact on phenotype

Proband 6 Proband 7 Proband 8 Proband 9

Current age 8 years 5 years 10 months 34 years

Karyotype 46, XY,t(10;22)(q26.1;q12.3) 46,XX,t(1;16)(p13.2;q13) 46,XY,t(5;8)(p13;q21.2) 46,XY,t(2;8)(q31;q24.1)

Implicated gene(s) EBF3, LARGE ZNF423 NIPBL TRPS1

MIM number* 607407 (EBF3), 603590 (LARGE) 604557 608667 604386

WES No No No No

Physical parameters Low birth weight, currently normal Normal at birth, FTT, currently low weight 
and short for age

Prenatal growth retardation, low 
birth weight (1840 g). Recently failure 
to thrive, low weight, low-pitched, 
growling cry in infancy, sensorineural 
hearing loss.

Normal

ID/DD Moderate Moderate Moderate Not observed

Other neurological 
features

Neonatal hypotonia and later 
hypertonicity, speech delay, ADHD, fits of 
anger, abnormal EEG

Hypotonia, sound hypersensitivity, 
hyperactivity, speech delay, autistic 
features

Hypertonia in neonatal period, 
psychomotor developmental delay

None

Congenital anomalies Total anomalous pulmonary venous 
return (TAPVR)

Hypoplastic thumbs, unilateral thumb 
symphalangism, strabismus and 
hyperopia, brain MRI (at 5 years): slightly 
dilated frontal horns and bodies of the 
lateral ventricles, small anterior pituitary 
lobe

Four hypoplastic fingers and a single 
transverse palmar crease on the left 
hand; bilateral cryptorchidism; atrial 
septal heart defect (ASD), gastro-
oesophageal reflux, hirsutism

None

Dysmorphism Tall forehead, straight eyebrows, narrow 
palpebral fissures, unilateral epicanthic 
fold.
Anteverted short nostrils, thin lips with 
downturned corners of the mouth, 
short and broad chin, short hands, pes 
planovalgus, square toes with sandal 
gap.

Short palpebral fissures, telecanthus, flat 
and wide nose, hypoplastic nasal alae, 
low-set ears, micrognathia, high palate, 
hypertelorism.

Typical CdLS phenotype: microcephaly, 
synophrys, deep-set eyes, long 
eyelashes, long and prominent 
philtrum, microretrognathia

Typical frontal bulbous pear-shaped 
nose, broad philtrum, thin upper 
lip, large ears, hand and foot 
brachydactyly, broad thumbs and big 
toes, funnel chest

Diagnosis EBF3 delayed development syndrome 
(MIM: 617330)

Atypical disease from the ZNF423 
spectrum (MIM: 614844)?

Cornelia de Lange syndrome (MIM: 
122470)

Trichorhinophalangeal syndrome (MIM: 
190350)

Other Urinary bladder malfunction, coprophilia None None None

*Online Mendelian Inheritance in Man (OMIM, https://www.omim.org/).
ADHD, attention-deficit/hyperactivity disorder; DD, developmental delay; EEG, electroencephalography; FTT, failure to thrive; ID, intellectual delay; WES, whole-exome sequencing. 

(50th centile), height 57 cm (>97th centile) and head circum-
ference 32 cm (3rd centile). The pregnancy was uncomplicated 
apart from smaller OFC in fetal ultrasonography examinations. 
In neonatal period, microcephaly and hypotonia were observed 
which subsided after the first year. No congenital defects were 
noted after birth. Epileptic seizures refractory to treatment 
occurred from the 12th month. Brain MRI at 9 months showed 
hypoplasia of frontal part of corpus callosum. Control MRI at 
7 years was normal. She has never achieved sitting, walking or 
speaking; sleep disturbances and excessive salivation were noted 
in infancy and throughout childhood. At the last follow-up, at 8 
years, her weight was 16 kg (<3rd centile), length 138 cm (75th–
90th centiles) and head circumference 48 cm (<3rd centile); she 
was without eye contact or verbal communication.

Methods
Sample preparation
DNA of nine probands and their parents was isolated with the 
salting out method. Prior to SGMPS, karyotype analysis and 
aCGH were performed. aCGH was performed using commer-
cially available arrays (CytoSure, Constitutional v3 (8×60 k), 
Oxford Gene Technology, Oxfordshire, UK, for all patients 
except probands 2 and 3 for whom Agilent Technologies Sure-
Print G3 CGH+SNP (4×180K) was used). CytoGenomics 
V.4.0.3.12 software was used for genomic copy-number analysis.

Mate pair library preparation and sequencing
Up to 1 µg of high-quality genomic DNA was used for library 
generation with the Mate Pair Library Preparation Kit (Illu-
mina, San Diego, CA, USA) according to the manufacturer’s 

instructions. The insert size length obtained varied from 2 to 
4 kb. Mate-pair library was paired-end sequenced (2×100 bp) 
on Illumina HiSeq1500. Raw sequence reads were converted to 
the fastq format using the Illumina bcl2fastq program. After the 
quality control step, including adapter trimming and low-quality 
reads removal, reads were mapped to the reference genome 
(hg19) using bowtie2.15 Each read from read pair was mapped 
independently and only unique mapped reads were used for 
further analysis. The  .bam file was used for narrowing down 
the region where the translocations were located. A custom-
made package for the programming language ‘R’ was applied 
for detection of discordant reads (paired reads where one read 
of the pair maps to one chromosome and the second read maps 
to another chromosome). Only clusters of 15 or more similar 
discordant reads between chromosomes with the translocation 
were further analysed. For visual verification of the results Inte-
grative Genomics Viewer (IGV) was used.16

Whole-exome sequencing
In two probands whole-exome sequencing  (WES) was 
performed, as SGMPS did not fully explain the phenotype of the 
patient. WES library was paired-end sequenced (2×100 bp) on 
Illumina HiSeq 1500, with the enrichment performed with Sure-
Select Human All Exon v5 kit (Agilent, Santa Clara, CA, USA) 
according to the manufacturer’s instructions. Bioinformatic 
analysis was conducted as described previously.17

Validation of the SGMPS results
Validation of the results of SGMPS was performed using Sanger 
sequencing. The PCR primers were designed using Primer3Plus 
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(http://www.​bioinformatics.​nl/​cgi-​bin/​primer3plus/​primer3plus.​
cgi). Primer sequences and conditions for the PCR reaction 
are available on request. Verification of the specificity of the 
primers was performed using Primer Blast programme (https://
www.​ncbi.​nlm.​nih.​gov/​tools/​primer-​blast/). Samples for Sanger 
sequencing were prepared with BigDye Terminator v3.1 Cycle 
Sequencing Kit (Applied Biosystems, Foster City, USA) and anal-
ysed on 3500xL Genetic Analyzer (Applied Biosystems). Results 
were assessed with Variant Reporter V.1.1 software. Verification 
of the de novo status of the BCTs was confirmed using PCR 
reaction specific for the translocation. Parenthood was veri-
fied using AmpFLSTR NGM kit (Thermo Fisher Scientific) 
according to the manufacturer’s instructions. The status of single 
nucleotide variants was verified by deep amplicon sequencing 
in both the parents and the probands. PCR amplification and 
design of the primers were done as described above. The library 
was prepared with Nextera XT (NXT) DNA Preparation Kit 
(Illumina), and paired-end sequenced (2×100 bp) on Illumina 
HiSeq1500. Analysis of NXT results was conducted manually 
with IGV. Detected translocations (figure 1) were called using a 
newly proposed genomic nomenclature for structural chromo-
somal rearrangements detected by NGS.18 The likelihood that a 
gene was sensitive to mutation/deregulation of a single allele was 
estimated using pLI score from Exome Aggregation Consortium 
(ExAC)19 and the recently proposed DOMINO score.20

Fibroblasts culture and RNA analysis
Skin fibroblasts from proband 3 were cultivated in cell culture 
flasks containing Dulbecco’s Modified Eagle’s Medium and 
Nutrient Mixture F-12, supplemented with 10% fetal bovine 
serum  and penicillin/streptomycin 100 U/mL (GIBCO, BRL, 
Grand Island, NY, USA). The culture was sustained at 37°C/5% 
CO2 until 80%–90% confluency. Isolation of the RNA from 
fibroblasts was conducted with TRIzol Reagent (Life Technolo-
gies, Carlsbad, California, USA) in accordance with the manufac-
turer’s instructions. Reverse transcription was carried out with 
High-Capacity cDNA Reverse Transcription Kit (Life Technolo-
gies). The PCR reaction and Sanger sequencing of the amplified 
cDNA were performed as described in ‘Validation of the SGMPS 
results’.

TAD analysis
TADs were detected with Insulation Score method21 using Hi-C 
data from human GM12878 B-lymphoblastoid cells.22 Plots 
showing genomic regions flanking the translocation breakpoints 
were generated by TADeus web service (http://​bioputer.​mimuw.​
edu.​pl/​tadeus, details in online supplementary methods).

Statistical analysis
In order to compare the distribution of pLI and DOMINO 
scores for genes which were directly disrupted in probands 
with potentially novel diseases (EFNA5, BAHD1, PPP2R5E, 
TXNDC5) versus all other human genes we performed a boot-
strap test including 100 000 replicates on medians of the respec-
tive scores’ values.

Results
In all cases, BCT breakpoints were successfully mapped 
(online  supplementary figure 1). Five out of nine analysed 
probands had breakpoint(s) in genes without a known disease 
phenotype. These patients are presented in detail below and 
in table 1. Additionally for these probands, TADs structure in 
the breakpoint region and characteristics of associated genes 

are presented in online supplementary file 1. The patients with 
breakpoints in genes with known disease associations which (in 
all cases) were consistent with clinically observed phenotype are 
presented in table 2.

Proband 1
SGMPS, based on 21 discordant reads and two split reads, 
defined the translocation as 46,XY,t(5;8)(q21.3:q11.21) 
with exact location for chromosome der(5): 46,XX,t(5;8) 
(q21.3:q11.21) ​dn.​seq[GRCh37/hg19] t(5;8) (5pter→5q21.3 
(106,748,346)::8q11.21 (55,326,842)→8qter); and for chro-
mosome der(8): 46,XX,t(5;8) (q21.3:q11.21) ​dn.​seq[GRCh37/
hg19] t(5;8) (8pter→8q11.21 (55,326,759)::5q21.3 
(106,748,356)→5qter). The breakpoint in chr5 is located in the 
third intron out of five introns of the EFNA5 (MIM: 601535) 
gene, while the breakpoint in chr8 is located in non-coding DNA.

Proband 2
SGMPS, based on 20 discordant reads and one split read, defined 
the translocation as 46,XY,t(2;11)(q24.2;q21) with exact loca-
tion for chromosome der(2):

​46,​XX,​t(​2;​11)(​q24.​2:​q21)​dn.​seq[GRCh37/hg19]t(2;11)
(2pter→2q24.2 (162,667,703)::11q21(92,976,817)→11
qter); and for chromosome der(11) ​46,​XX,​t(​2;​11)(​q24.​2:​q21)​
dn.​seq[GRCh37/hg19]t(2;11)(11pter→11q21(92,976,811)
::8q24.2 (162,667,701)→2qter). The breakpoint in chr2 is 
located in the fourth intron out of 26 introns of the SLC4A10 
(MIM: 605556) gene, while the breakpoint in chr11 is located in 
non-coding DNA. Based on the results from WES, four variants 
have been chosen for verification, but were excluded as disease 
candidates after family study (online supplementary table 1).

Proband 3
SGMPS, based on 15 discordant reads and one split read, defined 
the translocation as 46,XX,t(10;15)(q11.21;q15.1) with exact 
location for chromosome der(10):

​46,​XX,​t(​10;​15)(​q11.​21:​q15.​1)​dn.​seq[GRCh37/hg19]
t(10;15)(10pter→10q11.21 (43,594,152)::15q15.1 
(40,735,863)→15qter); and for chromosome der(15) ​46,​
XX,​t(​10;​15)(​q11.​21:​q15.​1)​dn.​seq[GRCh37/hg19]t(10;15)
(15pter→15q15.1 (40,735,866)::10q11.21(43,598,782)→10
qter). The breakpoint in chr10 is located in the first intron out 
of 20 introns of the RET (MIM: 164761) gene, while the break-
point in chr15 is in the second intron out of seven introns in the 
BAHD1 (MIM: 613880) gene. In chromosome der(15), an inser-
tion of around 500 bp, consisting of an intronic inverted fragment 
of RET gene, has been found. Sanger sequencing of the mRNA 
(cDNA) from fibroblasts identified expression of the fusion gene 
consisting of the promoter from RET gene and exons from BAHD1 
(figure 1D).

Proband 4
SGMPS, based on 27 discordant reads and one split read, defined 
the translocation as 46,XX,t(5,14)(q11.2;q23.2) with exact loca-
tion for chromosome der(5): ​46,​XX,​t(​5,​14)(​q11.​2;​q23.​2)​dn.​
seq[GRCh37/hg19]t(5;14)(5pter→5q11.2 (54,203,477)::14q23.2 
(63,908,907)→14qter); and for chromosome der(14) ​46,​XX,​t(​5,​
14)(​q11.​2;​q23.​2)​dn.​seq[GRCh37/hg19]t(5;14)(14pter→14q23.2 
(63,908,904)::5q11.2 (54,203,482)→5qter). The breakpoint in 
chr5 is in non-coding DNA, while the breakpoint in chr14 is in 
the third intron out of 14 introns in the PPP2R5E (MIM: 601647) 
gene.
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Figure 1  (A) Translocation between chromosomes 5 and 8 schematically shown with chromosome der5 on the right and der8 on the left. On the right 
of both der5 and der8 is Sanger sequencing validation of the breakpoint with the reference sequence. (B) Translocation between chromosomes 2 and 11 
schematically shown with chromosome der2 on the right and der11 on the left. On the right of both der2 and der11 is Sanger sequencing validation of 
the breakpoint with the reference sequence. (C) Translocation between chromosomes 10 and 15 schematically shown with chromosome der10 on the 
right and der15 in the middle and on the left. On the right of both der10 and der15 is Sanger sequencing validation of the breakpoint with the reference 
sequence. The figure shows the 500 bp insertion at chromosome 10 with the structure of the breakpoint between the insertion and chromosome 10 
and the breakpoint and chromosome 15. (D) cDNA product composed of RET promoter and the whole coding part of BAHD1. (E) Translocation between 
chromosomes 5 and 14 schematically shown with chromosome der5 on the left and der14 on the right. On the right of both der5 and der14 is Sanger 
sequencing validation of the breakpoint with the reference sequence. (F) Translocation between chromosomes 6 and 14 schematically shown with 
chromosome der6 on the left and der14 on the right. On the right of both der6 and der14 is Sanger sequencing validation of the breakpoint with the 
reference sequence. On the left of A, B, C and E are results of PCR screening using breakpoint specific primers. F, father; L, ladder; M, mother; NTC, non-
template (negative) control; P, proband. 
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Proband 5
SGMPS, based on 17 discordant reads and two split reads, 
defined the translocation as 46,XX,t(6;14)(p25.1;q12) with 
exact location for chromosome der(6):

​46,​XX,​t(​6;​14)(​p25.​1;​q12)​dn.​seq[GRCh37/hg19]t(6;14)
(14qter→14q12(29,735,524)::6p25.1 (7,903,434)→6qter); 
and for chromosome der(14) ​46,​XX,​t(​6;​14)(​p25.​1;​q12)​
dn.​seq[GRCh37/hg19]t(6;14)(14pter→14q12(29,735,517)
::6p25.1 (7,903,433)→2pter). The breakpoint in chr6 is located 
in the second intron out of nine introns of the TXNDC5 (MIM: 
616412) gene, while the breakpoint in chr14 is located in 
non-coding DNA. In der(6) an insertion of 19 bp is present at 
the breakpoint site (figure 1F). WES performed in the patient 
did not show the disease cause although we were not able to 
fully exclude the role of compound heterozygous mutations in 
MTCL1 (online supplementary table 2).

The four genes which were directly disrupted in probands 
with potentially novel diseases (ie, EFNA5, BAHD1, PPP2R5E, 
TXNDC5) had significantly higher pLI (p<0.017) and DOMINO 
scores (p<0.02) than the remaining genes.

Discussion
In all nine probands, 11 disrupted genes were found, that is, 
EFNA5, EBF3 (MIM: 607407), LARGE (MIM: 603590), 
PPP2R5E, TXNDC5, ZNF423 (MIM: 604557), NIPBL (MIM: 
608667), BAHD1, RET (MIM:164761), TRPS1 (MIM: 604386) 
and  SLC4A10 (see  online supplementary table 3 for further 
characteristics of these genes). Five subjects had translocations 
that disrupted genes with unknown (EFNA5, BAHD1, PPP2R5E, 
TXNDC5) or poorly delineated impact on the phenotype 
(SLC4A10) and these are discussed below. The remaining trans-
locations are discussed in the online supplementary discussion.

In proband 1 we suggest that the disease is caused by the 
truncation of EFNA5. EFNA5 (ephrin-5) belongs to a group of 
ephrin ligands that splits into two groups, EFNA and EFNB, 
depending on the structure and the way of membrane attach-
ment.23 EFNA5 may be intolerant to monoallelic loss-of-func-
tion (LoF) mutations as suggested by pLI=0.89 (observed LoF 
variants −0, expected 7) and consistent with DOMINO score 
of 0.99. Ephrin receptors are important for the development 
of the central nervous system and growth of various types of 
blood vessels.24 25 Seventeen per cent of homozygous Efna5 
knockout mice had dorsal midline defects in the form of peri-
natally lethal anencephaly or haematoma in the dorsal midline 
of the cranium.26 The remaining knockout mice were apparently 
healthy but on close examination they harboured abnormali-
ties of the lens and vitreous body of the eye.26 27 The relevance 
of EFNA5 for proper eye development is further underscored 
by reports that proper closure of the optic fissure28 and retinal 
axon guidance29 both require EFNA5 signalling.30 Three rare 
(but not unique) EFNA5 variants were associated with age-re-
lated cataracts in a study of 140 Chinese patients.31 Thus, facial 
dysmorphy and vascular anomalies including persistent corneal 
fetal vascularisation and anomalies of heart and large vessels 
in our proband are broadly consistent with the known roles of 
ephrins/EFNA5 in encephalic/cranial pathology, vascular devel-
opment and eye abnormalities.

In proband 2 the breakpoint in chromosome 2 was located in 
an intron of SLC4A10, while on chromosome 11 the breakpoint 
was found in non-coding DNA, thus suggesting that truncation 
of the SLC4A10 gene caused the condition. Additionally, WES 
was performed in the proband because SLC4A10 had features 
of a gene whose LoF should cause a recessive (PRec=0.997) 

rather than dominant disease (pLI=0.003, DOMINO=0.205). 
However, no mutations affecting the other copy of SLC4A10 
were found nor other variants which could explain the pheno-
type (online supplementary table 1). The SLC4A10 gene belongs 
to the SLC4 transporter family and encodes an Na+  depen-
dent transporter of Cl-HCO3- which likely affects the  activity 
of neurons through a role in pH maintenance.32 In mice Slc4a10 
knockout reduced brain ventricle volume and protected against 
fatal epileptic seizures.32 Interestingly, in humans two cases of 
balanced translocations disrupting SLC4A10 were described: 
t(2;13)(q24;q31) and t(1;2)(q42;q31).14 33 In both cases, similar 
to our patient, developmental delay/mental retardation were 
found; in addition the first patient had epilepsy, while the second 
patient, in whom the HHAT (MIM: 605743) gene was addition-
ally disrupted, had autism.14 33 In both described patients, similar 
to our proband, there was no evidence for mutation affecting 
the second SLC4A10 allele and the translocations breakpoint 
was located close to 5′ end of the gene (third, first and fourth 
introns, respectively). It is not clear why LoF of a single SLC4A10 
allele should be pathogenic when caused by a translocation but 
tolerated when caused by point mutations. One explanation 
could be related to the non-coding transcripts which origi-
nate from 5′ end of the SLC4A10 gene (ENST00000606386, 
ENST00000482861, ENST00000605990) whose expression 
could be deregulated by translocation. Another possibility is 
that the translocation disrupts chromatin structure influencing 
expression of neighbouring genes such as KCNH7 (MIM: 
608169, pLI=0.98, DOMINO score=0.91) associated with 
bipolar spectrum disorder and schizophrenia34 35 and/or TBR1 
(MIM: 604616, pLI=0.99, DOMINO score=0.999)—a gene 
located in the same TAD as the breakpoint and associated with 
intellectual disability and autism.36 37 In summary, we report 
the third patient with a translocation damaging the 5′ end of 
SLC4A10 providing additional evidence linking this locus with a 
dominant neurodevelopmental disease.

In proband 3 the breakpoints damaged RET and BAHD1, and 
formed a fusion gene including the 5′ part of RET and 3′ part of 
BAHD1. Monoallelic RET mutations cause Hirschsprung disease 
(present in our proband) and hereditary cancer syndromes which 
may manifest in our proband later in life. As RET defects have not 
been linked with neurodevelopmental/psychiatric phenotypes, 
it is likely that these are caused by defect of BAHD1. BAHD1 
is involved in epigenetic regulation through heterochromatin 
formation in interaction with HP1, MBD1  and HDAC5.38 39 
Expression of BAHD1 is uniform in all tissues but is lowest in 
fetal brain.40 In our patient, the 5′UTR from the BAHD1 gene is 
fused with the 19 exons of RET, while the whole coding part of 
BAHD1 is fused with the proximal part of RET. We found the 
RET/BAHD1 fusion gene is expressed whereas we could not find 
the BAHD1/RET fusion product. Thus, in our proband BAHD1 
may be overexpressed enhancing heterochromatin formation 
which may be pathogenic.39 Given the suggested role of BAHD1 
in immune system41 it is also possible that recurrent infections in 
our proband are also part of the translocation phenotype.

In proband 4 we found a disruption of PPP2R5E encoding a 
regulatory subunit of the protein phosphatase 2A expressed in 
the brain and heart.42–44 PPP2R5E might play a role in devel-
opment of Alzheimer’s disease (MIM: 104300)42 and its deple-
tion leads to destabilisation of MTCL1, a protein responsible 
for the regulation of microtubule organisation, which may be 
pathogenic.45 No LoF variants of PPP2R5E were found in ExAC 
(expected number −21); both pLI score (0.9994) and DOMINO 
score (0.86) suggest that damage of a single copy of PPP2R5E 
may be pathogenic.
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In proband 5 the breakpoint was located in a conjoined gene 
BLOC1S5-TXNDC5 and was predicted to damage both the 
shRNA transcript and the TXNDC5 gene. Despite biologically 
important role of TXNDC5 for disulphide bond formation in 
proteins46 the gene is not expected to cause a dominant disease 
(pLI=0, DOMINO=0.14). WES, together with family studies, 
showed the disease in proband 5 could potentially be caused by 
biallelic MTCL1 gene variants (MIM: 615766,  online  supple-
mentary table 2). MTCL1 is involved in axon formation,47 
however it has not been linked to human disease and the detected 
variants are predicted to be benign. Considering this, we spec-
ulate that the disease in proband 5 could be caused by LRPE. 
Interestingly, the TAD disrupted by the breakpoint in chr14 
contains FOXG1 (MIM: 164874) whose monoallelic defects 
(including LoF variants) cause neurodevelopmental disorders 
with mental retardation, epilepsy and/or congenital Rett-like 
symptoms (MIM: 613454, online supplementary file 1).48

The finding that the four genes which were directly disrupted 
in probands with potentially novel diseases (ie, EFNA5, BAHD1, 
PPP2R5E, TXNDC5) had significantly higher pLI and DOMINO 
scores than the remaining genes indicates an enrichment in genes 
most likely to cause diseases with autosomal dominant inheri-
tance. This, independently  from other considerations, suggests 
that the defects of at least some of these genes do contribute to 
observed disease phenotypes.

In conclusion, we confirm the usefulness of SGMPS for anal-
ysis of BCTs and detection of novel candidate genes for domi-
nant human disorders.
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