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ORIGINAL ARTICLE
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ABSTRACT

Background Balanced chromosomal rearrangements
associated with abnormal phenotype are rare events,

but may be challenging for genetic counselling,

since molecular characterisation of breakpoints is

not performed routinely. We used next-generation
sequencing to characterise breakpoints of balanced
chromosomal rearrangements at the molecular level in
patients with intellectual disability and/or congenital
anomalies.

Methods Breakpoints were characterised by a
paired-end low depth whole genome sequencing

(WGS) strategy and validated by Sanger sequencing.
Expression study of disrupted and neighbouring genes
was performed by RT-gPCR from blood or lymphoblastoid
cell line RNA.

Results Among the 55 patients included (41 reciprocal
translocations, 4 inversions, 2 insertions and 8 complex
chromosomal rearrangements), we were able to detect
89% of chromosomal rearrangements (49/55). Molecular
signatures at the breakpoints suggested that DNA breaks
arose randomly and that there was no major influence

of repeated elements. Non-homologous end-joining

appeared as the main mechanism of repair (55% of
rearrangements). A diagnosis could be established in
22/49 patients (44.8%), 15 by gene disruption (KANSL1,
FOXP1, SPRED1, TLK2, MBD5, DMD, AUTS2, MEIS2,
MEF2C, NRXN'T, NFIX, SYNGAP1, GHR, ZMIZ1) and

7 by position effect (DLX5, MEF2C, BCL11B, SATB2,
ZMIZ1). In addition, 16 new candidate genes were
identified. Systematic gene expression studies further
supported these results. We also showed the contribution
of topologically associated domain maps to WGS data
interpretation.

Conclusion Paired-end WGS s a valid strategy and
may be used for structural variation characterisation in a
clinical setting.

INTRODUCTION

Structural variations (SV) are rearrangements of
chromosome architecture that may be benign or
pathogenic. They were first identified on the basis
of karyotype in 0.7% of the population." Two
groups are distinguished: unbalanced chromosomal
rearrangements, such as deletions or duplications,
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Chromosomal rearrangements

generally associated with an altered phenotype, and apparently
balanced chromosomal rearrangements (ABCR), such as recip-
rocal translocations, inversions and insertions. The latter cate-
gory is characterised by the absence of gain or loss of genetic
material and has usually no phenotypic consequence for the
carrier, except reproductive issues such as infertility or miscar-
riages.! However, it has been estimated that up to 27% of these
ABCR may be associated with an abnormal phenotype.**® Until
recently, the pathophysiology was poorly understood and these
cases have been for a long time a challenge for genetic coun-
selling. The development of molecular cytogenetic techniques,
such as FISH* and chromosomal microarray (CMA),’ contrib-
uted to decipher the underlying aetiologies of abnormal pheno-
types in ABCR. In approximately 40% of cases, pathogenic CNV
were uncovered.® In some other cases, the phenotype could be
related to gene disruption’ or to position effect,® a mechanism
in which the modification of the chromatin environment alters
gene expression. However, the precise characterisation of ABCR
breakpoints is time-consuming and rarely proposed in diagnostic
settings.

More recently, a further step has been taken by the use of
next-generation sequencing that has proved to be a rapid and
efficient method to detect SV, including CNVs and balanced SVs.”
It was used to characterise the breakpoints of ABCR in patients
with developmental disorders.'®'® By allowing the refinement
of SV breakpoints at base pair level, these studies shed light on
some mechanistic and pathophysiological aspects. In particular,
they showed the unexpected complexity of ABCR," the role of
repeated elements' ' and the predominance of non-homolo-
gous end-joining (NHE]).""™" 7 They also assessed their impact
on genome architecture, especially on topologically associated
domains (TADs)'>™"* and their involvement in patient pheno-
type.”? 1 1® However, studies remain scarce and often included
small number of cases except for few of them.? %1 In
addition, these studies used mainly mate-pair or similar strat-
egies' 1 1¢ that were developed for SV detection and are not
available in all laboratories. Paired-end sequencing is most widely
used in genetics laboratories and may have other applications.'®
We previously demonstrated that paired-end whole genome
sequencing (WGS) was also powerful for SV detection.”” In
the study presented herein, we applied this strategy to one of
the largest cohorts of patients with intellectual disability and/or
multiple congenital anomalies (ID/MCA) associated with ABCR
and no pathogenic CNV detected by CMA in order to charac-
terise ABCR breakpoints and study their mechanisms as well as
their functional and phenotypic consequences.

MATERIALS AND METHODS

Patients

Fifty-five patients were recruited between April 2015 and
February 2017 among 21 French clinical genetics centres as
part of the ANI project (ABCR characterisation by next-gen-
eration sequencing in patients with ID/MCA, ClinicalTrials
NCT02451761). Inclusion criteria were the following: i)
abnormal phenotype including intellectual disability and/or
congenital anomalies; ii) presence of ABCR on standard karyo-
type; iii) no pathogenic CNVs detected by CMA (according to
French CMA Guidelines V.3.1); iv) ABCR de novo or inherited
from a parent presenting the same phenotype. All patients or
their parents gave written informed consent for this study, which
was conducted with respect to the recommendations of the
Helsinki Declaration. All patients had a detailed clinical exam-
ination by a trained geneticist.

Whole genome sequencing

Genomic DNA was extracted from EDTA-blood samples with
the QIAmp DNA Blood Midikit (Qiagen, Vento, The Nether-
lands) according to the manufacturer’s instructions. Genomic
DNA libraries of 350 bp fragments were prepared following the
Illumina TruSeq DNA PCR-free protocol (Illumina, San Diego,
California, USA) with 3 ug DNA. DNA libraries were sequenced
on an [llumina NextSeq 500 as paired-end 101 bp reads using the
High Output (300 cycles) NextSeq500 kit, with two patients per
flow-cell yielding a mean sequencing depth between 5.53X and
17.91X. For patient MD/0110, carrying a mosaic translocation,
a complete flow cell was used with a 24.9X mean sequencing
depth. Image analysis and base calling were performed using
Illumina Real-Time Analysis Pipeline 2 and bcl2fastq with
default parameters. For each sample, an alignment of the
reads against the hg19 version of the human genome was done
using BWA-MEM V.0.7.10.%° The reads were then sorted using
Samtools V.1.3.1,>! and the duplicates removed by PicardTools
V.1.138. Then, SV were detected using BreakDancer V.1.4.5.%
The generated outputs were then annotated using an in-house
programme, Svagga (Rollat-Farnier et al, https://gitlab.inria.fr/
NGS/svagga). For each sample, we used the other samples of the
ANI project as reference, in order to remove recurrent variants.
A distance of 500 nucleotides was used as the maximal distance
for Svagga to consider two breakpoints as identical. Integrative
Genomics Viewer V.2.3% was used for the SV visualisation and
validation. In case of failed variant identification, or discrepancy
with the corresponding karyotype, the same pipeline was used
but with an alignment against the hg38 version of the human
genome.

PCR amplification of junction fragment and Sanger
sequencing

Each breakpoint identified by WGS was confirmed by PCR
and Sanger sequencing. Junction fragments were amplified
using the Tag DNA Core kit 10 (MP Biomedicals, Solon,
Ohio, USA), from patient DNA. A DNA from an individual
who was not a carrier of chromosomal rearrangement was
included as negative control; amplification with the primer
pair for the ATP1A3 gene (exons 7-8) was used as positive
control. Specific PCR products corresponding to the junction
fragments were sequenced by the Sanger method. Breakpoint
sequences were aligned to the reference genome hgl9 using
BLAT tool (UCSC) in order to determine the breakpoint coor-
dinates. For some complex rearrangements, FISH on lympho-
cyte metaphase spreads was performed according to standard
procedures.

CNV validation by qPCR

CNVs associated with the chromosomal rearrangement were
confirmed by real-time qPCR. It was performed according to
the manufacturer's recommendations with QuantiTect SYBR
Green PCR kit (Qiagen, Courtaboeuf, France) on a Light Cycler
2000 (Roche Applied Science, Indianapolis, Indiana, USA) using
specific primers amplifying a unique sequence within the CNV
and ADORA2B as reference gene.

Expression studies

Blood RNA was extracted from Paxgene samples according to
the manufacturer’s instruction (Qiagen). Lymphoblastoid cell
lines (LCL) RNA was extracted using the RNeasy plus mini
kit (Qiagen). RT was performed using 500 ng RNA with the
Superscript I RT kit (Invitrogen, Life Technologies, Carlsbad,
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California, USA). Real-time PCR was performed using 1/20
dilutions of cDNAs with the QuantiTect SYBR Green PCR kit
(Qiagen) on a LightCycler 2000 (Roche Applied Science) in
triplicate. Primers were designed for each disrupted gene and
genes adjacent to the breakpoints; ACTB was used as reference
gene. Samples included patient and two to four sex-matched
and tissue-matched control ¢cDNAs, as well as RT-negative
RT products. Data were analysed by relative quantification
according to the 2-AACt method.?*

For fusion transcript amplification, primer pairs were chosen
on each side of the putative mRNA junction. The fusion was
then amplified by PCR from cDNA with Tag DNA Core kit 10
(MP Biomedicals).

All primer sequences are available on request.

Determination of breakpoints characteristics

ABCR were classified according to the number of breakpoints
assessed by WGS in simple rearrangements (2 break rear-
rangements), complex rearrangements (3 to 10 breakpoints)
and chromoanagenesis (>10 breakpoints with clustering of
the breakpoints).!" Disruption of gene, TADs and repeated
elements were established according to UCSC (UCSC genes
track), 3D Genome Browser (GM12878 cells”) and Repeat-
Masker, respectively. Molecular signatures included deletion,
duplication, microhomology defined as a series of nucle-
otides (<70) that were identical at the junctions of the two
genomic segments that contributed to the rearrangement*® and
templated insertions defined as insertions originating from
nearby segments that contributed to the rearrangement.”” The
mechanisms were defined at the junction level according to the

following criteria. Non-homologous end-joining was defined
by the presence of blunt ends, small deletions or duplica-
tions, microhomology not exceeding 4 nucleotides, insertions
of <10 nucleotides.” Microhomology-mediated end-joining
was considered in junction showing microhomology, deletions
of >10 nucleotides and templated insertion of >10 nucleo-
tides.”® Replicative mechanisms (including microhomolo-
gy-mediated break-induced replication [MMBIR] and fork
stalling and template switching [FoSTeS]) were considered
in junction showing microhomology, templated insertions
and possible gains or losses of nucleotides.?® Pathogenicity of
ABCR was assessed according to the criteria used by Redin e?
al.3 For position effect, genes located in the same TAD as the
breakpoint were taken into account.

Statistical analyses

Statistical analyses were performed using the R software
V.3.3.3.% The proportion of breakpoints disrupting genes,
located in TADs or in repeated elements, were compared
with reference proportions calculated from the following
databases: UCSC genes, 3D Genome Browser (GM12878
cells*®) and RepeatMasker using a standard one sample test to
compare proportions. The distribution of breakpoints in the
different classes of repeated element was compared with the
proportion of the reference genome in the different classes of
repeated elements using a X* ‘goodness-of-fit’ test. Five classes
were studied: SINE, LINE, LTR, DNA and satellite + segmental
duplications. The correlation between the expression level and
the absolute value of the distance to the breakpoint was esti-
mated and tested with the R package rmcorr.>® The R package

55 patients
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Figure 1
genome sequencing.

Study flow chart. D, intellectual disability; CCR, complex chromosomal rearrangement; VUS, variants of unknown significance; WGS, whole
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nlme was used to compare the mean expression level of the
genes located in the same TAD as the breakpoint, in an adja-
cent TAD or in an inter-TAD region.

RESULTS

Population characteristics

In the present study, 55 patients were included; there were 23
males and 32 females (sex ratio 0.7). They were aged between 1
and 44 years (mean 13.1 years, SD 9.6). They all presented with
an abnormal karyotype (figure 1). In 49 patients, ABCR arose de
novo; in 6 patients, ABCR was familial and cosegregated with
the phenotype. Eighty-seven per cent of the patients (48/55)
presented with isolated or syndromic intellectual disability. Seven
patients (13%) had congenital malformations without intellec-
tual disability. Details of patients' phenotype and karyotype are
available in online supplementary table S1 and figure S1.

Yield of paired-end whole genome sequencing for breakpoint
characterisation

In order to characterise the breakpoint sequences of these rear-
rangements, a paired-end WGS strategy was applied. It allowed
the detection of the rearrangements in 49/55 patients (89%)

ll4qzl.3
1g32.1 1932

* 5q14.3

14q21.3

(figure 1, online supplementary data S1 and table S2). Chromo-
somal rearrangements were detected with the standard pipeline
in 46 patients, including a mosaic translocation (MD/0110) and
rearrangements involving alpha-satellite sequences (MD/0104)
or segmental duplications (JP/0107, IL/1901). A second analysis
(including hg38 alignment and/or focused analysis on break-
point region defined by karyotype) was required to detect rear-
rangements in three additional patients (CM/0103, VD/2401,
JE/1401). For two patients carrying complex SV (NM/0201,
KT/1403), WGS was not able to resolve the entire complexity
of the breakpoints. In six patients, WGS did not detect the
chromosomal rearrangements (EB/0501, MG/1001, ML/1402,
VL/1102, LD/0108, PS/0502). In all these problematic cases,
at least one chromosomal breakpoint, as defined by karyo-
type, involved highly repetitive sequences or sequence gaps:
short arms of acrocentric chromosomes (CM/0103, MG/1001,
ML/1402, KT/1403), alpha-satellite regions (PS/0502), consti-
tutive heterochromatin  (EB/0501), subtelomeric regions
(VL/1102, LD/0108) or segmental duplications (VD/2401,
JE/1401, NM/0201).

In 9/49 patients, additional CNVs (loss and/or gain) were
detected at the breakpoint. The CNV size ranged from 2 to

der{14)

Healthy OL/2202 EB/0401
controls

E

G I —— F—

Regulatory element "mn L ]
Inter action f
D
MD/2203 £8/0401 OL/2202 MD/2203

Healthy MD/2203
controls

1,5
14
] 0
0
F

Figure 2 Characterisation of a reciprocal translocation t(1;14)(q32;q22) uncovered additional complexity that accounted for the patient’s phenotype
(0L/2202). (A) Schematic representation of the rearrangement according to WGS result: insertion of chromosomal fragments of 153 and 736 kb from the
5q14.3 region to the breakpoint of derivative 1 and to the breakpoint of derivative 14, respectively. The black star indicates the localisation of MEF2C.
Confirmation of the insertions by FISH on metaphase spread. (B) Insertion of 5q14.3 region in the derivative 1: RP11-484D1(5q14.3) (rhodamine)
(BlueFish), 1pter (FITC) (Cytocell), 14qter (Texas Red) (Cytocell). (C) insertion of 5q14.3 region in the derivative 14: RP11-109H16 (5q14.3) (thodamine)
(RainbowrFish), RP11-120118 (14q12) (FITC), 1qter (Texas Red) (Cytocell). (D) Three-dimensional (3D)-genome map at the 5q14.3 locus derived from Hi-C
data of GM12878% (10kb resolution). TAD, topologically associated domain (3D-genome browser); regulatory elements for MEF2C: defined according
to GeneHancer, enhancer in grey, promoter in red; interactions between regulatory element and genes according to GeneHancer. Yellow bars indicate
patients breakpoint in 5q14.3 locus. For patients OL/2202 and EB/0401, breakpoints disrupt interaction between enhancer and MEF2C. For patient
MD/2203, proximal breakpoint disrupt MEF2C gene whereas the distal breakpoint has no consequence on regulatory elements. (E) Expression of MEF2C
in blood cells for patients OL/2202 and EB/0401 compared with healthy controls. (F) Expression of MEF2C in lymphoblastoid cell line for patient MD/2203

compared with healthy controls.
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Table 1 Genomic features disrupted by chromosomal breakpoints Table 2 Molecular signatures at junction sequences
Breakpoints Junctions
Simple CCR Chromoanagenesis Total Simple CCR Chromoanagenesis Total
Disrupted elements  (n=68) (n=45) (n=105) 218 Molecular signatures  (n=68) (n=44) (n=104) 216
Gene 34 21 40 95 (43.5%) Deletion (1-26 355bp) 48 30 52 130 (60.1%)
TAD 60 39 93 192 (88%) 1-10bp 33 14 28 75
Repeated elements 30 26 54 110 (50.4%) 11-1000bp 10 12 18 40
SINE 7 7 13 27 >1000bp 5 4 6 15
LINE 1 12 20 43 Gain (1-71 339bp) 14 7 33 54 (25%)
LTR 4 6 14 24 1-10bp 13 7 32 52
DNA 5 1 4 10 11-1000 bp 0 0 1 1
Satellite 1 0 1 2 >1000bp 1 0 0 1
Segmental 2 0 2 4 Insertion (1-72 bp) 14 12 18 44 (20.3%)
duplication Templated 1 5 111 27
Repeated elements were defined according to Repeat Masker. TAD were defined Random 3 7 7 17
according to GM12878 map.”® Microhomology
CCR, complex chromosomal rearrangements; TAD, topologically associated domain.
0-1bp 33 28 64 125
2-4bp 27 15 32 74
>5bp 8 1 8 17

71kb, which is smaller than the resolution of CMA in diag-
nostic setting. They were all confirmed by real-time qPCR
(online supplementary table S3).

Moreover, WGS showed an additional level of complexity
of SVs compared with karyotype. WGS detected 218 break-
points whereas 119 breakpoints were expected from karyotype
(+83.2%). Fifteen patients presented a complex SV (at least
three breakpoints) after WGS (figure 1). For 14 of them, the level
of complexity was unexpected (28.5% patients). The various
degrees of complexity included a small inverted fragment at the
breakpoints, cryptic insertions and chromoanagenesis events
(figure 2 and online supplementary figure S2-S3). Overall, the
karyotype breakpoints were revised in 29/49 patients (59%).

Genomic features at the breakpoints
Different genomic features involved in SVs were assessed,
including genes, TADs and repeated elements (table 1). Nine-
ty-five of the 218 breakpoints disrupted a gene (43.5%). This
proportion did not significantly differ from the proportion of
genes in the reference genome hg19 (p=0.8374). Eighty-three
different genes were disrupted, one gene being disrupted in two
different patients (MBDJS) and nine genes being disrupted by
multiple breakpoints in the same patient (BC015590, CAMK1D,
CCDC3, MEF2C, KANSL1, TENM2, CELF2, TTC23, PKN2,
GBP3). A mean of 1.6 genes were disrupted per patient (0-7
genes per patient). TAD disruption was observed in 192/218
breakpoints (88%). This was not statistically different from
the TAD proportion in the genome (p=0.2155). Seven TADs
were disrupted in a recurrent manner, in at least two patients
(chr2:148675000 149850000,  chr5:88000000 90100000,
chr10:79600000_82050000, chr14:46950000 49825000,
chr14:94100000 94675000, chr14:97425000_99900000,
chr15:35800000 38200000, hg19). Repeated elements, were
involved in 110/218 breakpoints (50.4%), which was not signifi-
cantly different from the proportion of repeated sequences in
the genome (p=0.4227). Similarly, the distribution of break-
points among the different families of repeated elements did
not significantly differ from their distribution in the genome
(p=0.607).

Thus, all these results suggest that DNA breaks at the origin of
chromosomal rearrangements arose randomly and that there was
no major influence of DNA architecture or repeated sequences.

CCR, complex chromosomal rearrangements.

Molecular signatures and mechanism of ABCR

We also studied the molecular signatures at junction sequences,
including deletion, gain, insertion and microhomology, in order
to infer the underlying mechanism at the origin of the rearrange-
ments (table 2). Among the 49 rearrangements, 57.1% (28/49)
were probably due to NHE] and 10.2% (5/49) were likely to be
the result of microhomology-mediated mechanisms, including
replicative mechanisms, such as FoSTeS and MMBIR,*! and
microhomology-mediated end-joining (MME]).*> It was not
possible to attribute 20.4% of cases (10/49) to a specific mech-
anism. Interestingly, 12.2% of rearrangements (6/49) may have
combined both NHE] and microhomology-mediated mecha-
nisms (online supplementary table S4).

Phenotypic consequences of chromosomal rearrangements

We address the question of the contribution of ABCR to the
phenotype of patients. To assess the pathogenicity of ABCR, we
used the classification proposed by Redin et al.'® Sixteen ABCR
were considered as pathogenic, 7 as likely pathogenic and 26
as variants of unknown significance (VUS) (table 3). Pathogenic
and likely pathogenic ABCR accounted for the phenotype in 22
patients (44.89%). In patient DM/0109, disruption of PRDM16
was considered as a secondary finding as it did not account for his
phenotype but may be responsible for left ventricular non-com-
paction (MIM615373). Fifteen patients with pathogenic ABCR
presented disruption of well-known disease genes (KANSL1,
FOXP1, SPRED1, MEIS2, MBDS, DMD, MEF2C, NRXN1,
NFIX, AUTS2, SYNGAP1, GHR) or more recently described
gene (TLK2, ZMIZ1).*** In 11 of these patients, expression
studies could be performed and supported further the role of
the putative causative gene in 7 patients (IS/0101, CL/2001,
SL/0105, MH/1103, JP/0107, MD/2203, JB/1404) (see online
supplementary figure S1). In patient CG/0106 showing an X-au-
tosome translocation disrupting DMD, X-inactivation study
showed a biased inactivation profile, supporting the role of
DMD disruption in the phenotype, as previously described.*
For patients showing likely pathogenic position effect, the
breakpoint lied within the same TAD as the putative causal gene
(BCL11B, MEF2C, DLXS, SATB2, ZMIZ1) separated the gene
from its regulatory element (figure 2), resulting in regulatory

530 Schluth-Bolard G, et al. / Med Genet 2019;56:526-535. doi:10.1136/jmedgenet-2018-105778

"1ybuAdoo Aq pa1osioid 1sanb Aq £202 ‘9T J2qWISAON U0 /wod fwag Bwily/:dny wouy papeojumoq "6TOZ YdJBN 82 U0 8//G0T-8T0Z-19usbpawl/oeTT 0T Se paysignd isii :18us9 pajN


https://dx.doi.org/10.1136/jmedgenet-2018-105778
https://dx.doi.org/10.1136/jmedgenet-2018-105778
https://dx.doi.org/10.1136/jmedgenet-2018-105778
http://jmg.bmj.com/

Chromosomal rearrangements

Table 3  Apparently balanced chromosomal rearrangements with a phenotypic impact in the patients
Patient Karyotype Phenotype summary Mechanism  Gene OMIM phenotype Classification
1S/0101 1(9;17)(p13;921) ID, growth retardation, FD Disruption KANSL1 Koolen de Vries syndrome  Pathogenic
(610 443)
1L/1901 der(3)inv(3)(p13;p22)inv(3)(p12;926.3) ID, speech delay, cleft palate Disruption FOXP1 MR with language Pathogenic
impairment (613 670)
VJ/0601 1(4;14)(p15;932.1) ID, speech delay, ASD, FD PE BCL17B IDD and T-cell Likely
abnormalities (618 092)  pathogenic
CS/1002 ins(15;12) (915 or q21;924.1q24.2) ID, macrocephaly, FD, café-au-lait spots  Disruption SPRED1 Legius syndrome Pathogenic
(611 431)
CL/2001 t(11;15)(p14;914) ID, absent speech, epilepsy, FD, CHD, Disruption MEIS2 Cleft palate, cardiac Pathogenic
larynx malposition, defect, MR (600 987)
SL/0105 inv(2)(p12g22) ID, microcephaly, behavioural troubles,  Disruption MBD5 MR (156 200) Pathogenic
epilepsy, ataxia
EB/0401 ins(5)(q15923.3q34) ID, growth retardation, microcephaly, PE MEF2C MR (613 443) Likely
epilepsy pathogenic
CG/0106 t(X;13;15)(p21;922;922),1(6;11)(q21;924) ID, absent speech, attention deficit, Disruption DMD Duchenne muscular Pathogenic
muscular dystrophy dystrophy (310 200)
MH/1103 inv(2)(922;932.3) ID, speech delay, epilepsy Disruption MBD5 MR (156 200) Pathogenic
JP/0107 1(4;17)(q27;923) Overweight, learning difficulties, Disruption TLK2 MR (618 050) Pathogenic
attention disorder, FD
CS/1902 (4;14)(g31.1;932.2) Learning difficulties, speech delay, PE BCL11B IDD and T-cell Likely
psychiatric disorders, FD abnormalities (618 092)  pathogenic
0L/2202 1(1;14)(932;922) ID, absent speech, stereotypy, epileptic  PE MEF2C MR (613 443) Likely
encephalopathy pathogenic
VD/2401 inv(7)(q22q34) Mandibulofacial dysostosis, toes PE DILX5 Split hand/foot Likely
syndactyly, hearing loss malformation 1 (183 600) pathogenic
MD/2203 t(1;3;5)(p21;p24;q734) ID, absent speech, ASD, epilepsy, FD Disruption MEF2C MR (613 443) Pathogenic
DM/0109 (1;19)(p36;913.1) ID, learning difficulties, dyslexia, Disruption PRDM16 Left ventricular non Pathogenic
behavioural troubles compaction (615 373)
BA/2303 t(2;8)(p16.3;p11.23) ID, behavioural troubles, cryptorchidism  Disruption NRXN1 Autism (209 850) Pathogenic
JEN401 (X;10)(q?27;9723) ID, behavioural troubles, FD, obesity PE ZMIZ1 Syndromic Likely
neurodevelopmental pathogenic
disorder
EM/2403 (4;,19)(g33;p13.2) ID, overgrowth, macrocephaly, speech  Disruption NFIX Sotos syndrome 2 Pathogenic
delay, FD (614 753)
CF/2304 1(2;15;8;10)(932.3;926;921.3;923) ID, speech delay PE SATB2 Glass syndrome (612 313) Likely
pathogenic
MC/1803 (7;,10)(g21.1;g26.1) ID, microcephaly, absent speech, FD Disruption AUTS2 MR (615 834) Pathogenic
JB/1404 (10;12)(q22.2;924.3) ID, microcephaly, stereotypy Disruption ~ ZMIZ1 Syndromic Pathogenic
neurodevelopmental
disorder
1110402 1(3;6)(q21.3;p21.33) ID, hypotonia, FD, behavioural troubles  Disruption SYNGAPT MR (612 621) Pathogenic
BM/1201 1(5;8)(923;924)t(5;11)(p12;p11) ID, growth retardation, speech delay Disruption GHR Partial GH deficiency Pathogenic
(604 271)

ASD, autistic spectrum disorder; CHD, congenital heart defect; FD, facial dysmorphism; GH, growth hormone; ID, intellectual disability; IDD, intellectual developmental disorder;

MR, mental retardation; PE, position effect.

loss of function. It was further supported by expression studies
showing decreased gene expression in five patients (V]J/0601,
CS/1902, OL/2202, VD/2401, JE/1401) (online supplementary
data S1). It is of note that for 6/23 patients the pathogenic break-
point accounting for the phenotype was part of additional break-
point complexity only visible after WGS (IL/1901, CS/1002,
MD/2203, OL/2202, EB/0401, CF/2304).

We also identified four potential in-frame fusion transcripts
in three patients: MIAP-MBDS (SL/0105), CCDC3-CCSER1
(TS/1101), MECOM-DDX24 and DDX24-MECOM (OP/0701)
(online supplementary figure S4). Three of them could not
be amplified in blood or LCL samples due to tissue-spe-
cific expression pattern (M1AP-MBDS, CCDC3-CCSERI and
MECOM-DDX24). M1AP is mainly expressed in testis, CCDC3
is expressed in arterial tissues and MECOM is not expressed in
blood (GTEx). We were able to amplify the DDX24-MECOM

fusion. This fusion transcript retained almost all the coding
sequence of MECOM (exons 2-17).

Identification of candidate genes in developmental disorders
We then searched to identify new candidate genes for develop-
mental disorders. First, we looked among the disrupted genes,
those that showed a high probability of loss of function intoler-
ance (>0.85) suggesting they may be responsible for a phenotype
by haploinsufficiency. Fourteen genes not previously reported
in developmental disorders were identified (table 4). Then we
observed that in 8/21 patients with pathogenic and probably
pathogenic ABCR, the causal breakpoint involved one of the
seven recurrently disrupted TADs defined above. We looked
at the genes of the other recurrently disrupted TADs and were
able to identify two more candidate genes (DDX24, MDGA2)
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Table 4 Candidate genes identified through gene disruption or TAD disruption

Gene
Gene OMIM Putative function pLI Patients Phenotype summary classification
MAGI 602625 Guanylate kinase, cellular 1.00 1L/1901 ID, speech delay, cleft palate VUsS
interaction
FAM19A1 617495 Cerebral chemokine 0.86 1L/1901 ID, speech delay, cleft palate VUs
PPARGCTA 605417 Energy metabolism regulation ~ 1.00 V110601 ID, speech delay, ASD, FD Vus
RBM27 - Unknown 1.00 EB/0401 ID, growth retardation, microcephaly, epilepsy VUsS
TENM2 610119 Unknown 1.00 EB/0401 ID, growth retardation, microcephaly, epilepsy Vus
CNTN4 607280 Contactin, CNS development 1.00 T5/1101 ID, behavioural troubles, FD VUS
CELF2 602538 RNA splicing 1.00 TS/1101 ID, behavioural troubles, FD Vus
CAMK1D 607957 Serine-threonine kinase 0.99 T5/1101 ID, behavioural troubles, FD VUS
DCAF5 603812 Mitochondrial protein 1.00 AG/1003 FD, clubfeet, Crohn's disease VUS
UNC79 616884 Sodium channel subunit 1.00 EC/2302 ID, psychiatric troubles, FD VUS
RBM26 - Unknown 1.00 BM/1603 ID, FD CHD, VUS
SEMAGA 605885 CNS development 1.00 BM/1201 ID, growth retardation, speech delay vus
PKN2 602 549 Unknown 1.00 MD/2203 ID, absent speech, ASD, epilepsy, FD VUS
STXBP5L 609381 Exocytosis inhibition 1.00 CMm/0103 ID, epilepsy Vus
DDX24 606181 RNA helicase 0.22 OP/0701; EC/2302 ID, behavioural troubles VUS
MDGA2 611128 Synaptic regulation 0.99 0L/2202; KT/1403 ID, absent/delayed speech Vus

ASD, autistic spectrum disorder; CHD, congenital heart defect; CNS, central nervous system; FD, facial dysmorphism; ID, intellectual disability; pLI, probability of loss of function

intolerance; TAD, topologically associated domain; VUS, variants of unknown significance.

(table 4). All these genes are predicted to be involved in different
cellular processes and all showed cerebral expression (GTEx).

Role of genome architecture in gene regulation

We then explored the general impact of breakpoints on the
regulation of genes. In particular, we looked for an effect of the
distance from the breakpoints®® and of genomic architecture
(TADs) on gene expression level. For this purpose, we system-
atically explored the expression in blood or LCL of disrupted
genes and genes at either side of the breakpoints. One hundred
eighty-nine genes in 47 patients were studied. Regarding
disrupted genes, relative mRNA ratios ranged from 0.239 to
1.6 in blood and from 0.187 to 2.007 in LCL. For genes in the
vicinity of the breakpoints, relative mRNA ratios ranged from
0.258 to 6.821 in blood and from 0.644 to 1.996 in LCLs.
No significant correlation was found between the mRNA ratio
and the absolute value of the distance from the breakpoint in
blood (repeated measure correlation coefficient r=—0.187,
p=0.097) and in LCL (repeated measures correlation coefficient
r=—0.0637, p=0.77). There was also no significant difference
between the mean mRNA ratio for genes located in the same
TAD as the breakpoint, genes located in an adjacent TAD or
genes in inter-TAD regions (repeated measures analysis of vari-
ance, p=0.7581; online supplementary figure S53).

DISCUSSION

In the present work, we developed a paired-end WGS approach
to characterise ABCRs and demonstrated its efficiency in a clin-
ical setting.

WGS has already proved to be powerful for breakpoint
mapping of chromosomal rearrangements.'® ' 13 1416 19 Mot
of the studies used a mate-pair library or similar approaches,
which are more cost-effective and more robust.'* 1 '*3” These
approaches are based on long insert sequencing and require less
sequencing to achieve a better sequence coverage. They are also
expected to overcome, at least in part, difficulties for mapping
in repeated sequences and gaps. In the present study, the chro-
mosomal rearrangement detection rate was similar to previous

studies using mate-pair sequencing.”> The paired-end strategy
was able to detect breakpoints in highly repetitive regions such
as centromeric regions, segmental duplications and short arms
of acrocentric chromosomes. Working with the latest version
of reference genome, hg38, was helpful to minimise gaps.'” We
were also able to characterise the breakpoints of a mosaic SV.
Mosaicism detection from next-generation sequencing data has
scarcely been considered in balanced SV and need to be further
addressed.

The present study provided a diagnosis in nearly half of
patients, stopping a long diagnostic odyssey. For these patients
and their family, it improved medical management and allowed
an informed genetic counselling. For a subset of patients, WGS
was the only way to achieve this result, as the pathogenic break-
point could not be inferred from karyotype alone. Although we
opted for a low depth WGS in this study, which is sufficient for
SV detection, the analysis strategy we developed would be easily
applicable to classical 30X depth WGS. An advantage of the 30X
paired-end WGS over mate-pair is that it provides the possibility
of an overall approach combining SV, including balanced SVs
and CNVs, and SNV detection. A recent study found that WGS
strategy combining SNV and CNV analysis could reach a diag-
nostic yield of up to 62% in patients with severe ID." It was
also pointed out that phenotype could result from variation
on multiple loci in 4.9% of patients.*® Regarding patients with
ABCR and abnormal phenotype, an extrapolation combining
analysis of CNVs (40%), SV (40% of patients with no CNVs) and
SNV (based on a yield of 39%)'® could reach a diagnostic yield
of 78%. Concerning most patients with ID/MCA, karyotype is
no longer performed systematically and CMA, used as first-tier
diagnostic method, is not able to detect balanced rearrange-
ments. It has been demonstrated that WGS could provide unbi-
ased detection of previously unknown ABCR.*” In the future, as
WGS could be considered as the initial test in ID/MCA, pipelines
should include balanced SV detection as it would be the unique
way to determine gene disruption. It is of note however that
we were faced with a secondary finding in a patient for which
the disrupted gene caused a disorder unrelated to his phenotype.
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This observation underlines the importance of complete pretest
information including the possibility of secondary findings even
if the analysis is focused on breakpoint mapping.*

In the 22 patients with a diagnosis, the pathophysiology
mechanism was either gene disruption or position effect, both
supposed to result in haploinsufficiency. In one patient, we iden-
tified a fusion transcript DDX24-MECOM that allowed preser-
vation of almost all MECOM coding sequence. Chimeric genes
have been rarely described in constitutional rearrangements.*' *?
Their pathogenicity is not well established and could result from
a new function, expression deregulation or dominant negative
effect. In the present case, the phenotype of patient OP/0701 was
not relevant with the phenotype of radioulnar synostosis with
amegakaryocytic thrombocytopaenia (MIM616738) described
in MECOM mutations. It cannot be excluded that deregulation
of MECOM expression under the control of DDX24 promoter
may contribute to the phenotype.

The organisation of the genome is not linear, and domains
of preferential chromatin interactions, called TADs, have been
recently mapped across the genome.” Their disruption by SV
has been shown to be involved in altered phenotypes.*” In the
present study, TADs map help support the pathogenicity of
breakpoints in seven patients. Two TADs, one involving MEF2C
and the other SATB2, have already been described as recurrently
disrupted in patients with ID." In the future, TAD maps may be
integrated into tools for breakpoint annotation. This will be all
the more possible as TAD mapping algorithms will improve**
and in silico modelling tools will become available.* Neverthe-
less, it has to be noted that no systematic correlation between
TAD disruption and altered gene expression could be demon-
strated in the present study. Although expression studies were
limited by the tissues available, blood and LCL, this result may
highlight fine intra-TAD regulations, dependent on tissue and
developmental stages.*®

Regarding ABCR mechanisms, the distribution of the break-
points suggests that non-recurrent rearrangements occur
randomly; in particular, we did not show any enrichment for
repeated elements. This may be explained by the fact that the
present cohort did not include any patient with large CNV, more
prone to be associated with repeated elements.*Second, some
rearrangements hold molecular signatures suggesting that they
may result from the combination of multiple repair mechanisms,
in particular, combination of NHE] and MME]J. MME], also
called alternative NHE], is a double-strand break repair mech-
anism. It is associated with microhomology and larger deletion
than NHE] and may be activated when canonical NHE] pathway
is deficient.’* This observation needs to be further validated in
a larger cohort.

In conclusion, the present study demonstrated the relevance
of paired-end WGS for ABCR breakpoint characterisation and
its contribution to diagnosis with a yield of 44.8%. This analysis
should be systematically proposed to patients harbouring ABCR
with abnormal phenotype and SV analysis should be included in
WGS pipeline in clinical setting.
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