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Abstract

Chromosomal insertions are thought to be rare structural rearrangements. The current understanding of the underlying
mechanisms of their origin is still limited. In this study, we sequenced 16 cases with apparent simple insertions previously
identified by karyotyping and/or chromosomal microarray analysis. Using mate-pair genome sequencing (GS), we identified
all 16 insertions and revised previously designated karyotypes in 75.0% (12/16) of the cases. Additional cryptic rearrange-
ments were identified in 68.8% of the cases (11/16). The incidence of additional cryptic rearrangements in chromosomal
insertions was significantly higher compared to balanced translocations and inversions reported in other studies by GS. We
characterized and classified the cryptic insertion rearrangements into four groups, which were not mutually exclusive: (1)
insertion segments were fragmented and their subsegments rearranged and clustered at the insertion site (10/16, 62.5%);
(2) one or more cryptic subsegments were not inserted into the insertion site (5/16, 31.3%); (3) segments of the acceptor
chromosome were scattered and rejoined with the insertion segments (2/16, 12.5%); and (4) copy number gains were iden-
tified in the flanking regions of the insertion site (2/16, 12.5%). In addition to the observation of these chromothripsis- or
chromoanasynthesis-like events, breakpoint sequence analysis revealed microhomology to be the predominant feature.
However, no significant correlation was found between the number of cryptic rearrangements and the size of the insertion.
Overall, our study provide molecular characterization of karyotypically apparent simple insertions, demonstrate previously
underappreciated complexities, and evidence that chromosomal insertions are likely formed by nonhomologous end joining
and/or microhomology-mediated replication-based DNA repair.

Introduction

Chromosomal insertions are structural rearrangements that
involve a chromosome segment translocated interstitially
into another chromosome (inter-chromosomal insertion) or
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In simple chromosomal insertions, three breaks are required:
two on the donor chromosome and one at the insertion site
on the acceptor chromosome. The simple one-way inter-
chromosomal insertion is the most common form of this
rare rearrangement; the prevalence by conventional cytoge-
netics was reported to be 1 in 10,000 live births (Van Hemel
and Eussen 2000). However, their incidence is thought to be
significantly lower than the other structural rearrangements
such as balanced translocations [1/500 (Mackie Ogilvie and
Scriven 2002)].

Typically, chromosomal insertions occur as balanced
events; however, de novo unbalanced insertions resulting
in copy-number gain of the insertion segment have been
also reported in some studies (Mendez-Rosado et al. 2017).
Carriers of balanced insertions are generally asymptomatic;
however, their fertility may be affected. Their offspring are
at risk of inheriting derivative chromosomes involving copy-
number gains or losses (or copy-number variants, CNVs)
(Kehrer et al. 2015; Mendez-Rosado et al. 2017). During
meiosis, sister chromosomes involved in the insertion may
form quadrivalents depending on the size of the insertion
segment; reported cases of potential recombination involved
relatively large insertion segments (with haploid autosomal
length > 1.5%) (Van Hemel and Eussen 2000). Chromosome
segregation following the formation of a quadrivalent ena-
bles potential recombination within the insertion segments
to generate complex rearrangements resulting in copy num-
ber gains/losses. Careful genetic workup of such insertions
may be essential for proper management such as by preim-
plantation genetic testing (Melotte et al. 2004).

Like other structural rearrangements, formation of chro-
mosomal insertions typically occurs during gametogenesis
or meiosis (Pellestor et al. 2011). Simple insertions were
thought to be predominantly formed by three double-strand
breaks (DSBs) and were repaired by nonhomologous
end joining (NHEJ) mechanism(s) (Bauters et al. 2008).
Breakpoint junction sequence patterns of NHEJ include
blunt ends, short-micro/small insertions and microhomol-
ogies. A subset of NHEJ is mediated by sequence micro-
homologies on both sides of the breakpoint, thus they are
termed microhomology-mediated end joining (Ottaviani
et al. 2014). In contrast, complex rearrangements involving
duplications/triplications have been proposed to be formed
by chromothripsis-like chromoanasynthesis mechanisms
through microhomology-mediated replication such as fork
stalling and template switching or microhomology-mediated
break-induced replication (FoSTeS/ MMBIR) with iterative
template switching (Liu et al. 2011; Stephens et al. 2011). A
recent study investigating inter-chromosomal complex inser-
tions also suggested that these replicative repair mechanisms
may be involved (Gu et al. 2016).
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By a combination of chromosomal microarray analysis
(CMA) and fluorescence in situ hybridization (FISH), the
incidence of chromosomal insertions was estimated to be
significantly higher than previously reported by karyotyping,
from 1 in 10,000 to 1 in 500 (Kang et al. 2010) or 1 in 563
(Neill et al. 2011). However, the combined approach cannot
detect balanced rearrangements, limiting a comprehensive
assessment of all rearrangements associated with the inser-
tions. Genome sequencing (GS) on the other hand, enables
the detection of both balanced and unbalanced rearrange-
ments (Choy et al. 2019). A recent study utilizing GS in
14,891 individuals across diverse global populations dem-
onstrates insertions to be abundant in the human genome;
however, the majority of them are mobile element insertions
(such as LINE, ~ 6 kb in size) (Collins et al. 2020). In a
large study of 273 cases with known balanced translocations
and inversions detected by conventional cytogenetics, addi-
tional cryptic rearrangements were detected by GS in 21%
of the cases (Redin et al. 2017). In addition, these complexi-
ties may lead to de novo cryptic copy-number gains/losses
related to the inherited rearrangements in their offspring (de
Pagter et al. 2015), emphasizing the importance for compre-
hensive delineation of the rearrangements. We have previ-
ously applied mate-pair GS on 1090 couples with recurrent
miscarriages which also demonstrated that over 15% of cases
with balanced translocations harbored additional rearrange-
ments cryptic to karyotyping (Dong et al. 2019a).

Limited studies have applied GS to study and deline-
ate chromosomal insertions (Kato et al. 2017). Herein, we
applied mate-pair GS for 16 patients with simple insertions
identified by conventional cytogenetics to further investigate
their structural rearrangements, breakpoint features and pos-
sible mechanism(s) of formation.

Materials and methods
Ethics, consent and permissions

The study was approved by the Institutional Review Board
for Human Subject Research at Baylor College of Medicine
(IRB# H-25466) and the Joint Chinese University of Hong
Kong—New Territories East Cluster Clinical Research Eth-
ics Committee (CREC Ref. Nos. 2016.713 and 2017.108).
Overall, 16 patients with simple insertions previously identi-
fied by karyotyping and/or CMA and FISH were recruited
for this study. Mate-pair GS data from Samples 01, 02, 03,
and 05 were reported in our previous study (Dong et al.
2019b). The major indications for karyotyping were infer-
tility or history of abnormal pregnancies (Table 1). DNA
samples from the other 12 cases, including 1F, 3M, 4M,
5M, and 6M were previously reported by a CMA study
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Table 1 Summary of 16 cases with karyotypically visible simple insertions
Sample ID Karyotype Balanced Pat/Mat” Phenotype Result from GS Size of
karyotype (Simple/Com- insertion
plex)* (Mb)
1F 46,XX,der(7)ins(7;7) No Pat Congenital heart anomalies Simple 9.8
(q31.32;p14.1p15.1)
.ish 7p14.3(RP11-100A8 x 3)
3M 46,XY,der(3)ins(3;1) No NA NA Complex 109
(q23;p21.1p21.3)
.ish1p21.3(RP11-465K1 % 3)
iM 46,XY,der(5)ins(5;1) No NA Seizures, development delay Simple 16.9
(q14.2;q32.1932.2)
.ish 1p32.2(RP11-279E18 x 3)
SM 46,XY,der(6)ins(6;2) No Mat Multiple congenital anomalies Complex 30.3
(q16.2;q23.3g31.1)
.ish 2q24.3(RP11-2I8 X 3)
6M 46,XY,der(2)ins(2;11) No Mat NA Complex 26.8
(p217;922.1q24.2)
.ish 11q22.1(RP11-21G19x 3)
10F 46,XX,der(3)ins(3;3) No NA Intellectual disability, autism Complex 36.8
(q27;p25.3p21.31) spectrum disorder, a history of
.ish 3p25(RP11-1024P17 %X 3) epilepsy and a history of postaxial
polydactyly
24F 46,XX,der(16)ins(16;16) No Mat Ectopic pupils, mildly dysmorphic Complex 9.8
(p13.3;922.1g23.1) features
.ish 16q23.1(RP11-105F24 x 3)
25M 46,XY,der(16)ins(16;2) No NA Autism spectrum disorder, moderate  Complex 5.5
(q23.1;p22.2p21) developmental delay
.ish 2p22.2(RP11-422M3 +)
31M 46,XY,der(X)ins(X;X) No NA Moderate developmental delay, Complex 4.7
(q27;p11.21p11.22) autism spectrum disorder
.ish Xp11.22(RP11-17K17 % 3)
34M 46,XY,der(16)ins(6;9) No NA Dysmorphic features, moderate Simple 16.2
(p24.1;933.2q34.3) developmental delay
43F 46,XX,der(13)ins(13;10) No Mat Developmental delay Complex 17.1
(q22;p12.31p11.22)
.nuc ish 10p12.31(RP11-142L16% 3)
SampleOl  46,XX,ins(10;13)(q11.2;q31q33) Yes NA Stillbirth occurred in the 2nd preg- Simple 32.7
nancy
Sample02  46,XY,ins(6;2)(q23;p13p22) Yes NA Male infertility Complex 45.9
Sample03  46,XX,ins(2;18)(q31;q21.1q23) Yes NA Early miscarriage in 1st pregnancy; ~ Complex 25.7
2nd child: 5yo, mental retardation;
recurrent miscarriage in 3rd and
4th pregnancies
Sample05  46,XY,ins(6;3)(q13;q21q24) Yes NA Wife with previous still birth and Complex 26.1
another fetus with 2nd trimester
fetal ultrasound anomalies
50783 46,XY,ins(8;2)(q22;p13p22) Yes NA NA Simple 38.8

*Simple insertion was defined as cases with only two rearrangements identified on the acceptor chromosome without small copy number varia-
tions identified in the junction regions

"Parental inheritance: Pat and Mat refer to paternally and maternally inherited, respectively

(Kang et al. 2010). The remaining seven de-identified DNA
samples were newly included in this study. Most of them
presented with developmental delay, dysmorphic features,

or congenital abnormalities (Table 1).

Chromosomal microarray analysis

CNV analysis was performed prior to this study. Two CMA
platforms [8X60K Fetal DNA Chip v2.0 (Agilent Tech-
nologies) (Chau et al. 2019, 2020; Huang et al. 2014) and
4X180K array (Kang et al. 2010)] were used. Both were

@ Springer



364

Human Genetics (2021) 140:361-380

performed according to the manufacturers’ protocols and
CNVs were analyzed via the CytoGenomics 5.0 software
(Chau et al. 2019; Huang et al. 2014). As an example, detec-
tion of a copy number gain of 16.7 Mb in size from chro-
mosome 1 was identified by CMA and FISH subsequently
verified the insertion to chromosome 5 as depicted in Sup-
plementary Figure S1.

DNA preparation and mate-pair genome
sequencing

The genomic DNA was quantified with Qubit dsSDNA HS
Assay kit (Invitrogen, Carlsbad, CA). One microgram of
DNA (0D260/0D280 > 1.8; OD260/0D230 > 2) from each
case was sheared to fragment sizes ranging from 3 to 8 kb by
a HydroShear device (Digilab, Inc., Hopkinton, MA) using
the reported parameters (Dong et al. 2014).

The fragmented DNA was then subjected for mate-pair
library construction (Dong et al. 2019b). In brief, the frag-
mented DNA (3-8 kb) was purified with Agencourt Ampu-
reXP beads (Beckman Coulter, Brea, CA, USA), followed
by end-repair, A-tailing and Ad1 adaptor ligation. 320 ng
of adaptor-ligated DNA was amplified with Pfu Turbo Cx
polymerase (Agilent Technologies, Santa Clara, CA). After
purification, amplified products were pooled together from
12 cases. The amplified products were treated with Uracil
Specific Excision Reagent (NEB, Ipswich, MA) and T4
DNA ligase (Enzymatics, Beverly, MA) to form double-
stranded circularized (dsCir) DNA with a single nick on
one of the strands. A nick translation polymerization step
was performed with 1 pmol of dsCir DNA, Bst DNA Poly-
merase (Full Length, NEB), Klenow fragment (Enzymatics)
and controlled dNTPs, followed by 3'branch ligation (Wang
et al. 2019) (attached the 3'-end of Ad2 to the products).
Subsequently, primer extension polymerization step was per-
formed by incubation with the reaction mixture at 92 °C for
5 min, and cycled at 56 °C for 60 s, and 60 °C for 40 s. The
products were purified and ligated to the 5’ end of Ad2 and
amplified with Pfu Turbo Cx. DNA nanoballs were prepared
from single-stranded circularized DNA and sequenced on an
MGISEQ-2000 platform (MGI Tech Co., Ltd., Shenzhen,
China) for a minimum of 70 million read pairs (PE 100 bp)
per sample, equivalent to~4.6 X sequencing read depth.

Detection of copy number variants and structural
rearrangements

After data QC, the read pairs were aligned to the human ref-
erence genome (GRCh37/hg19) using the Burrows—Wheeler
aligner (BWA) (Li and Durbin 2009). Uniquely aligned reads
were used for further analysis.

CNV and structural rearrangement (or structural vari-
ant, SV) detection was performed according to previously
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reported methods (Dong et al. 2019a, b; Wang et al. 2020).
For CNV detection, reads were classified into both adjust-
able sliding windows (50 kb with 5 kb increments) and non-
overlapping windows (5 kb). Subsequently, the copy ratios
of all windows were normalized by GC% and population-
based data from our in-house dataset (Chau et al. 2020;
Wang et al. 2020). CNVs were reported by the increment-
rate-of-coverage module (Dong et al. 2016) at a resolu-
tion of 50 kb (homozygous/hemizygous deletion at 10 kb).
For SV detection, chimeric read pairs (aligned to different
chromosomes or to the same chromosome with a genomic
distance > 10 kb) were selected for event clustering. Each
potential event was then filtered against a dataset of system-
atic errors with optimized parameters. Candidate CNVs and
SVs were filtered against our in-house dataset.

Variant verification

Rearrangement junction-specific PCR and Sanger sequenc-
ing were performed for the verification of structural rear-
rangements identified by mate-pair GS (Dong et al. 2014).
Primers were designed using online software Primer3,
Primer-Blast (NCBI) and in silico PCR (UCSC). PCR was
performed in cases and controls, and the products were
sequenced on an ABI 3730 DNA Analyzer (Applied Biosys-
tems, Foster City, CA, USA). The sequences were aligned to
the reference genome by BLAT (UCSC) for SV verification
and breakpoint junction sequence feature analysis (Supple-
mentary Figure S2).

Analysis of breakpoint junction features

The Sanger sequencing results of each rearrangement break-
point junction was investigated for sequence microhomolo-
gies, small insertions, blunt end or homologies. Stretches
of shared nucleotide sequence identity present at junctions
of rearranged genomic segments are considered as micro-
homology (<20 bp) or homology (> 20 bp) (Ankala et al.
2012). Meanwhile, repetitive elements flanking the break-
point junctions were annotated using the RepeatMasker track
on the UCSC genome browser webpage.

In addition, to investigate whether sequence similarity
was a mediator of chromosomal insertions, sequence simi-
larity of the flanking regions (300 bp upstream and 300 bp
downstream) between the proximal and distal reference
sequences was analyzed. The Needleman—Wunsch algo-
rithm in the Biostrings package (Gu et al. 2015) was used to
align the proximal and distal reference sequences and their
similarity was calculated in 20 bp sliding windows as the
percentage of aligned bases over the total count of non-gap
sequences, in the genomic orientation of the breakpoint
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flanking sequences. A heatmap was generated for each
breakpoint junction (Hijazi et al. 2020).

Annotation of non-B DNA motifs

75 bp of reference genomic sequences directly upstream
and downstream of each rearrangement was investigated
for the presence of non-B DNA motifs. Non-B DNA motifs
(Bacolla et al. 2011; Cer et al. 2012) including (1) alpha-
phased repeats; (2) direct repeats and slipped motifs; (3)
g-quadruplex forming repeats; (4) inverted repeats and
cruciform motifs; (5) mirror repeats and triplex motifs; (6)
Z-DNA motifs and (7) short-tandem repeats were annotated
for the sequences flanking each junction. In addition, we
generated 500 pairs of random genome-wide breakpoint
junctions for comparison of the frequency of non-B motifs
with the average genome (Vissers et al. 2009). After exclud-
ing breakpoint junctions with flanking sequences (150 bp in
total with method described above) located in unidentified
(N) regions of the human reference genome (GRCh37/hg19),
394 rearrangements were obtained to represent the genome
baseline for comparison.

Furthermore, the start sites of non-B DNA motifs in
200 kb flanks of the rearrangement breakpoint were counted.
Heatmaps were generated by the counts of non-B DNA
motifs in 10 kb windows.

Results

Mate-pair GS results were obtained for all cases. After align-
ment, a minimum of 60 million uniquely aligned read pairs
were obtained which were comparable across each sample
(with an insert size of ~5 kb). This resulted in approxi-
mately 100-fold physical coverage per case [read pairs
(60 M) x insert size (5000 bp)/genome size (3G)=100-fold].
In our previous study with low-coverage sequencing data
from the 1000 Genomes Project, we demonstrated a mini-
mum of physical coverage for detection of structural rear-
rangements to be 8.25 X (Dong et al. 2018). Therefore, the
number of read pairs generated in this study was sufficient
for our analysis. Mate-pair GS detected all 16 insertions
identified previously by conventional G-banded chromo-
some analysis and/or CMA. The referral indications and the
cytogenetic nomenclature of each case are shown in Table 1.
Five cases have balanced chromosomal insertions and 11
cases have unbalanced chromosomal insertions (segmen-
tal duplication for the insertion locus). The insertion sizes
detected by mate-pair GS ranged from 4.7 to 45.9 Mb.

Comparison of the insertion breakpoints
by mate-pair GS vs karyotyping

Chromosome 2 had significantly higher incidences
(Z-score >2, P<0.02275) of both overall involvement in the
insertions and higher incidence of being the donor chromo-
some in our cohort (Supplementary Figure S3). There were
three cases with insertion segments from the short arm of
chromosome 2, overlapping the 2p22.21p21 region (Tables 1
and 2): one case with an unbalanced insertion (25M) and
two cases with balanced insertions (Sample02 and 50783).
In addition, four cases had chromosome 6 as the acceptor
chromosome with the highest incidence (4/16).

Cryptic complexities in chromosomal insertions

Mate-pair GS identified additional cryptic complexities in
11/16 (68.8%) cases (Tables 1 and 2), which were submi-
croscopic rearrangements of the insertions previously not
identified by karyotyping. In the 11 cases with cryptic com-
plexities, the insertion segment was fragmented into two
or more subsegments and were rearranged at the insertion
site or involved copy number variants of subsegments in
the donor/acceptor chromosome. This indicated that most
insertions are more complex. Among the 16 cytogenetically
characterized simple insertions, 4 classes of cryptic rear-
rangements were observed:

1) The insertion segment from the donor chromosome was
fragmented into two or more subsegments and were
rearranged at the insertion sites in 10 of the 16 cases
(62.5%, Table 1 and Figs. 1, 2, 3 and 4 and S4). The
incidence of this finding was higher than in a previously
published cohort of complex insertions (Gu et al. 2016)
(44.4%, 4/9, Chi-square test: P=0.382677).

2) One or more cryptic subsegments of the inser-
tion were not inserted into the acceptor chromo-
some. Among the 11 cases with unbalanced inser-
tions, there were three [3/11, 27.3%; 3M (Fig. 2a),
10F (Fig. 2b) and 31M (Fig. 1)] with such observa-
tions. This was also observed in 2/5 cases with bal-
anced insertions (Sample05 and Sample03; Fig. 3a,
b). For example, in Sample05 with a balanced inser-
tion (Fig. 2a), a subsegment (seq[GRCh37] del(3)(q24)
chr3:g2.146055006_148300124del) from the donor
chromosome was deleted, while another subsegment
(seq[GRCh37] 3g21.1 chr3:g.122008143_122161592)
remained on the derivative chromosome 3, and both of
them were not inserted into chromosome 6.

3) Segments of the acceptor chromosome were scattered
and rejoined with the insertion segments in two cases
(2/16, 12.5%; Sample02 and 5M, Fig. 4a, b). In Sam-
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Table 2 Next-gen cytogenetics nomenclature of 16 cases identified by GS

Sample ID  Next-gen nomenclature Insertion site (acceptor) Inserted segment (donor) Gene(s) disrupted at breakpoints

IF seq[GRCh37] ins(7;7) K: 7q31.32 K: 7pl4.1pl5.1 KCND2", STARD3NL', CREB5"

3M

4M

SM

6M

(q31.31;p14.1p15.1)
der(7)(pter->q31.31(+)
(120,194{395-411})::p14.1(-)
(382,687{45-51})<-p15.1(-)
(28,470,034)::q31.31(+)
(120,194,428)-> qter)
dup(7)(p15.1p14.1)
chr7:2.28470034_38268751dup
seq[GRCh37] ins(3;1)(q24;p22.1p21.1)
der(3)(3pter->3q24(+)
(143,588,113)::1p21.2(+)
(101,983,254)-> 1p21.1(+)
(10,478,224{4-6})::1p22.1(+)
(9,384,101{5-7})-> 1p21.2(+)
(10,173,348{8-9})::3q24(-)
(14,358,811{2-3})-> 3qter)
dup(1)(p22.1p21.2)
chr1:2.93841017_101733446dup
dup(1)(p21.2p21.1)
chrl:g.101983289_104782246dup
seq[GRCh37] ins(5;1)
(q14.3;q31.3q32.2)
der(5)(Spter- > 5q14.3(+)
(8,322,521{2-3})::1932.2(-)
(21,099,148{1-2})<—1q31.3(-)
(19,407,299{0})::5q14.3(+)
(8,322,521{3})->5qter)
dup(1)(q31.3q32.2)
chrl:g.194072990_210991482dup
seq[GRCh37] ins(6;2)
(q16.1;923.1q31.2)
der(6)(6pter->6q16.1(+)
(9,843,326{1-2})::2q22.3(-)
(147,990{599-600}) < -2q22.3(-)
(147,932,953)::6q16.1(+)
(98,433,273)->6q16.1(+)
(984,480{84-90})::2q31.2(+)
(1,782,397{07-13})- <2q22.3(-)
(14,799,084{1-3})::6q16.1(+)
(9,844,812{3-5})-> 6pter)
dup(2)(q23.1q31.2)
chr2:2.147932953_178239713dup
seq[GRCh37] ins(2;11)
(p22.1;q22.1924.2)
der(2)2p22.1(+)(4,142,051{6-
7})::11q24.2(-)(12,495,516{8—
9P <-11q24.2(+)
(127,266,321):C:11¢22.1(+)
(100,491,092) <-11q24.2(-)
(124,955,229)::2p22.1(+)
(41,420,521)
dup(11)(q22.1q24.2) chr11:2.1004910
92_127266321dup

MP: 7q31.31
Discrepancy: Yes

K:3q23
MP: 3q24
Discrepancy: yes

K: 5q14.2
MP: 5q14.3
Discrepancy: yes

K: 6q16.2
MP: 6q16.1
Discrepancy: yes

K: 2p21?
MP: 2p22.1
Discrepancy: yes

MP: 7p14.1p15.1
Discrepancy: No

K: 1p21.1p21.3
MP: 1p21.1p22.1
Discrepancy: Yes

K: 1g932.1q32.2
MP: 1q31.3g32.2
Discrepancy: Yes

K:2q23.3q31.1
MP: 2q23.1q31.2
Discrepancy: Yes

K: 11g22.1q24.2
MP: 11922.1q24.2
Discrepancy: No

AA

KCNH1

LOC100130691

SLC37A2
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Table 2 (continued)

Sample ID Next-gen nomenclature

Insertion site (acceptor)

Inserted segment (donor) Gene(s) disrupted at breakpoints

10F

24F

25M

31IM

34M

seq[GRCh37] ins(3;3)
(q27.3;p25.3p21.31)
der(3)(pter->q27.3(+)
(186,892,923%)::p24.2(+)
(25,472,165%)->p21.31(+)
(4679{5339-6041})::p21.31(+)
(46,851{007-710})- > p21.31(+)
(48,120,750):C:p25.3(+)
(11,300,527)- > p24.2(+)
(254,722,248%)::q27.3(+)
(1,869,015,058)-> qter)
dup(3)(p25.3p21.31)
chr3:g.11300526_46796041dup
dup(3)(p21.31)
chr3:2.46851007_48120398dup

seq[GRCh37] ins(16;16)
(p13.3;922.1q23.1)#

dup(16)(q22.1q23.1)
chr16:2.67179836_76965036dup

seq[GRCh37] ins(16;2)
(q23.1;p22.2p21)
der(16)(16pter->16q23.1(+)
(75,804,274):ctcccaagggagg
tcccecgatcegagtea:2p21(+)
(36,852,198)->2p21(+)
(42,330,715%)::16q23.1(+)
(75,280,106%)- > 16qter)
dup(16)(q23.1)
chr16:2.75280106_75798868dup
dup(2)(p22.2p21)
chr2:2.36852422_42328883dup
seq[GRCh37] ins(X;X)
(q21.31;p11.22p11.21)
der(X)(pter->q21.31(+)
(89,864,940%)::p11.21(+)
(54,900,190%)->p11.21(+)
(549,816 0{2-3})::p11.22(+)
(5,037,781{3—4})->p11.22(+)
(51,635,629%)::p11.21(-)
(54,853,904*) <-p11.22(—)
(5,164,111{7- 8})::p11.22(-)
(503,778{09-10}) <—p11.22(—)
(50,346,686%)::q21.31(+)
(89,865,644%*)- > qter)
dup(X)(p11.22p11.21)
chrX:g.5035332755005288dup
seq[GRCh37] ins(6;9)
(p24.1;933.2q34.3)
der(6)(6pter->6p24.1(+)
(1,288,437{5})::9933.2(+)
(12,301,177{6})->9q34.3(+)
(139,233,818%)::6p24.1(+)
(12,884,578%*)- > bqter)
dup(9)(q33.2q34.3)
chr9:2.123011823_139233818dup

K: 3q27
MP: 3q27.3
Discrepancy: yes

K: 16p13.3
MP: 16p13.3
Discrepancy: no

K: 16g23.1
MP: 16q23.1
Discrepancy: no

K: Xq2?
MP: Xq21.31
Discrepancy: yes

K: 6p24.1
MP: 6p24.1
Discrepancy: no

K: 3p25.3p21.31
MP: 3p25.3p21.31
Discrepancy: No

K:16922.1q23.1
MP: 16q22.1q23.1
Discrepancy: no

K: 2p22.2p21
MP: 2p22.2p21
Discrepancy: no

K: Xp11.21p11.22
MP: Xp11.21p11.2
Discrepancy: no

K:9q33.2q34.3
MP: 9q33.2q34.3
Discrepancy: no

MAP4", HRHI", RARB"

TERF2", NFAT5"

BCARI"

SHROOM4", MAGEDI", PFKFBI"

PHACTRI", GPSM1"
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Table 2 (continued)

Sample ID Next-gen nomenclature Insertion site (acceptor) Inserted segment (donor) Gene(s) disrupted at breakpoints
43F seq[GRCh37] ins(13;10) K: 13q22 K: 10p12.31p11.22 NEBL', C10orf113
(q22;p12.31p11.22) MP: 13q22 MP: 10p12.31p11.22
der(13)(13pter->13q31.1(+) Discrepancy: no Discrepancy: no

(81,308,087)::10p11.22(+)
(31,875,388)-> 10p12.31(+)
(3,332,361{8})::10p11.22(+)
(2,142,742{5})-> 10p11.22(+)
(3,187,538{8-9})::13q31.1(+)
(8,130,808{3-4})-> 13qter)

dup(10)(p12.31p11.1)
chr10:g.21427438_38560842dup

Sample0l  seq[GRCh37] ins(10;13) K:10q11.2 K: 13931933 CTNNA3"™, GPCS5", DIAPH3",
(q21.3;21.2g31.3) MP: 10g21.3 MP: 13g21.2q31.3 DIAPH3-AS1
der(10)(10pter->10q21.3(+) Discrepancy: yes Discrepancy: yes

(6,942,963{5})::13q31.3(-)
(9,324,287{4})<-13q21.2(—
):(60,597,203):agcacgttatct:
10921.3(+):(69,429,674)- > 10qter)
der(13)(pter->chr13(+):60,596,439:cg
ttgt:chr13(+):93,243,065- > qter)

Sample02  seq[GRCh37] ins(6;2) K: 6q23 K:2p13p22 MB21DI?, SLCI7AS™, FAMS2AI",
(q22,31;p11.2p22) MP: 6q22.31 MP: 2p11.2 p22 PARK2"™
der(2)(pter- > p22.2(+) Discrepancy: yes Discrepancy: yes

(38,160,180%)::p11.2(+)
(84,019,924%)- > qter)
der(6)(6pter->6q13(+)
(74,138,566*)::6q13(+)
(74,346,180%)-> 6q21(+)
(114,469,971)::2p16.1(-)
(58,708,053) <-2p16.1(—)
(5,816,279{1})::6q21(+)
(11,446,997{0})->6q22.31(+)
(119,963,985):aatctttta:2p16.1
(+)(58,708,055)->2p11.2(+)
(8,401,992{2-3})::2p22.2(+)
(3,816,018{1-2})->2pl16.1(+)
(58,162,618%)::6p22.3(+)
(119,964,044%*)- > 6q26(+)
(162,909,640):A:6q13(—)
(74,343,934) < -6q13(-)
(7,413,867{0-1})::6q26(+)
(16,290,964{2-3})- > 6qter)

Sample03  seq[GRCh37] ins(2;18) K:2q31 K: 18q21.1923 TSHZI™
(q32.2;q21.1g22.3) MP: 2q32.2 MP: 18q21.1q22.3
der(2)(2pter->2q32.2(+) Discrepancy: yes Discrepancy: yes

(191,673,364):cagcttcca:18q21.1(+)
(47,290,628)->18q22.3(+)
(7,297,641{4-5})::2q32.2(+)
(19,167,337{6-7})->2qter)

der(18)(pter->q21.1(+)
(4,727,639{5-8})::q21.1(-)
(4,729,063{1-4})<-q21.1(-)
(47,276,396)::T::q22.3(+)
(72,976,421)- > qter)
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Table 2 (continued)

Sample ID Next-gen nomenclature

Insertion site (acceptor)

Inserted segment (donor) Gene(s) disrupted at breakpoints

Sample05  seq[GRCh37] ins(6;3)(q14.3;q21.1q24) K: 6q13
der(3)(pter->q21.1(+) MP: 6q14.3
(121,900,079)::921.1(+) Discrepancy: yes
(122,008,143)->q21.1(+)
(122,161,592%)::q24(+)
(148,300,589%)- > gter)
der(6)(6pter- > 6q14.3(+)
(87,402,131)::3q21.1(+)
(121,900,104)->3q21.1(+)
(12,200,783{1})::3q24(-)
(14,605,505{7})<-3q21.3(-)
(126,307,787%)::3g21.1(+)
(122,162,976%)- > 3q21.3(+)
(126,309,151%)::6q14.3(+)
(87,402,300%)- > 6qter)
del(3)(q24)
chr3:2.146085441_148300072del

seq[GRCh37] ins(8;2)(q22;p13p22)
der(2)(pter->p22.1(+)
(39,510,028%)::p12(+)
(78,275,971)- > qter)
der(8)(8pter->8q21.2(+)
(85,975,374%)::2p12(—)
(78,274,777*) < -2p22.1(-):(39,510,2
35)::8q21.2(+)(85,975,882)- > 8qter)

50783 K: 8q22
MP: 8q21.2

Discrepancy: yes

K:3q21q24 TXNRD3NB, KPNAI"
MP: 3q21.1q24

Discrepancy: yes

K: 2p13p22 MAP4K3"
MP: 2p12p22.1

Discrepancy: yes

K karyotype, MP mate-pair genome sequencing

*Breakpoint was indicated by mate-pair genome sequencing instead of delineation by Sanger sequencing

#The composition of the derivative chromosome was incomplete by mate-pair GS due to missing of breakpoints

"OMIM gene

"OMIM disease-causing genes

ple02, the region surrounding the insertion site on accep-
tor chromosome (chromosome 6) was broken into six
subsegments and rearranged with the insertion subseg-
ments. In 5M, the acceptor chromosome (chromosome
6) was also fragmented, resulting in a 14.6 kb segment
(seq[GRCh37] 6q16.1 chr6:2.98433429_98447982)
located between the insertion subsegments.

4) Copy number gains were identified in the flanking
regions of the insertion site. There were two cases with
copy number gains identified in the flanking regions of
the breakpoint junctions on the acceptor chromosome
(2/16, 12.5%; samples 10F, Fig. 2b, and 25M, Supple-
mentary Figure S5). For instance, an 11.7-kb segment
originating from the insertion site was duplicated and
flanked the entire insertion from 3p (indicated as a seg-
ment in purple shown in Fig. 2b).

Mate-pair GS identified 59 rearrangements breakpoints
among these cases (Fig. 5a). The number of additional cryp-
tic rearrangements found in our insertions cohort was signifi-
cantly higher than other balanced chromosomal rearrange-
ments (such as translocations and inversions) reported in the

Developmental Genome Anatomy Project (DGAP, 65/248,
Chi-square test: P=0.00027) (Redin et al. 2017). Investigat-
ing chromosomal insertions by mate-pair GS in comparison
with a combination of karyotyping/FISH and CMA iden-
tified significantly more cryptic complex rearrangements
(8/40, Chi-square test P=0.0005) (Gu et al. 2016). We then
investigated whether the number of subsegment rearrange-
ment was correlated with the size of the insertion. However,
no significant correlation was found (Fig. 5b).

Gene disruption at rearrangement
breakpoints

In 15/16 cases, at least one RefSeq gene was disrupted
by the rearrangement breakpoints. In total, 31 genes were
disrupted by rearrangement breakpoints in these cases, 9
out of them were OMIM disease-causing genes (Table 2).
For instance, a male case 31M with unbalanced inser-
tion (represented as a duplication) presented with moder-
ate developmental delay and autism spectrum. A 4.6 Mb
duplication and insertion dup(X)(p11.22p11.21) consist-
ing of five subsegments was rearranged. Four of the five
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Fig. 1 Composition of the

cnrx cp11.22) (]

derivative chromosome identi-

59,349, 000] 50,345, 000]
Senes, curated subset CHM_x, NR_X, HP_|

fied by mate-pair GS in case
31M. Chromosomal insertion
schematic diagram illustrates
the rearrangement identified
by mate-pair GS. In the top
panel, a snapshot from USCS
Genome Browser shows start
of the SHROOM4 gene and the Xpter
two black arrows indicate the
breakpoint junctions disrupt-
ing the gene. In the following
panel, the color scheme depicts
a normal short arm of the
chromosome X in gray, while
all subsegments are represented
by purple, red, blue and yellow.
The black vertical arrows show
the genomic breakpoint junc-
tions. In the middle panel, the
diagram shows the fragmenta-
tion of the inserted segment and
potential repairing process in a
single event. In each subpanel,
the upper chromosome is the
derivative chromosome, while
the lower chromosome is the
normal chromosome indicat-
ing the location of the inserted
segment(s). During the process,
each potential step connecting
different segments is shown

by a dotted line. In the lowest
panel, the resultant derivative
chromosome Xq at 89.86 Mb
location represented the rear-
ranged insertion fragment. A
black horizontal arrow within
each subsegment indicated the
sequence orientation. Note that
a small segment seq[GRCh37]
chrX:g.54853904_54900190
(gray bar shown between

blue and yellow bars) was not
included in the insertion

SHROOM4

der(X)

chr.X
der(X)
chr.X
der(X)
chr.X

der(X)
chr.X

der(X)

der(X)

segments were inserted into the long arm of X chromo-
some resulting in a duplication of genomic content, one
subsegment was not inserted (seq[GRCh37] Xq21.31
chrX:g.54853904_54900190, copy number neutral)
(Fig. 1). Within the duplicated region, OMIM disease-
causing genes SHROOM4, IQSEC2, SMCIA, HUWEI and
FGD1 may associate with mental retardation. However,
none of these have been reported with triplosensitivity
by the ClinGen Dosage Sensitivity Curation. In our case,
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the gene SHROOM4 was disrupted. Whether gene dis-
ruption of SHROOM4 may contribute to the phenotype
is currently unknown. Although a study reported dis-
ruption of this gene by balanced X;autosome transloca-
tions, which might explain the phenotypic presentations
(mild to moderate mental retardation) of two unrelated
female patients carriers (Hagens et al. 2006), suggest-
ing that the disruption of SHROOM4 in our case might
also contribute to the phenotype. In addition, among
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Fig.2 Cryptic segment from the insertion was not present in the
insertion locus: 3M and 10F unbalanced insertions. ai G-banded
chromosomes showing der(3)ins(3;1)(q23;p21.1p21.3) (left, as
indicated by the blue arrow) and normal chromosome 3 (right). aii
Fluorescent in situ hybridization (FISH) with probes RP11-465K10
(red) and control probe RP11-488L (green) showing an unbalanced
insertion on chromosome 3 as indicated by the red arrow. aiii Part
of the chromosome 1p depicted in red and part of the chromosome
3q in green. Different colors illustrate that only the subsegments in
blue and yellow of the inserted fragment from chromosome 1p were
rearranged and inserted to chromosome 3q at 143 Mb location, result-
ing in der(3) with 7.9 Mb and 2.8 Mb duplications. The two subseg-
ments (in blue and yellow) were originally separated by a subseg-
ment [seq[GRCh37]1p21.2(101733446_101983289)] in red. bi Case
10F with chromosome insertion from chromosome 3p25.3p21.31
to chromosome 3q27; the blue arrow shows the insertion segment.

the five cases with balanced chromosomal insertions,
a cryptic 2.2 Mb deletion seq[GRCh37] del(3)(q24)
chr3:2.146055006_148300124del was detected in Sam-
ple0S (Fig. 3a) (Dong et al. 2019b). This 2.2 Mb deletion
involves four OMIM annotated genes, including the ZIC1
gene, in which mutations are associated with structural

bii FISH with probe (RP11-1024P17) showed the inserted segment
from chromosome 3p25.3 (red) to 3q27, while the green signal rep-
resents the centromeric probe of chromosome 3. biii Chromosome
3 represented in gray. Schematic color diagram showing the inser-
tion from 3p25.3p21.31 to 3q27.3. Three subsegments (red, blue
and yellow bars) were rearranged and inserted into 3q27.3. The
resultant chromosome der(3) depicts a subsegment seqGRCh37]
chr3:2.4679248_46851722 (gray bar) that was not involved in the
insertion loci, while the rearranged subsegments (in blue, yellow and
red) were inserted into 3q27.3. In addition, an 11.7 kb segment in the
flanking region of the breakpoint junction from the acceptor chromo-
some was duplicated (shown in purple) and present in both upstream
and downstream of the insertions. In each figure, the breakpoint junc-
tions are indicated by black vertical arrows, and the genomic orienta-
tion is indicated by a black horizontal arrow within each box

brain anomalies with impaired intellectual development
and craniosynostosis. Although this deletion was classified
as pathogenic, no clinically recognized malformation was
identified in this patient, possibly due to the incomplete
penetrance of ZIC1 deletion (Ferraris et al. 2013).
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chr3 I»—»
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seq[GRCh37] del(3)(q24)

6qter

Fig.3 Cryptic segment from the insertion was not present in the
insertion locus: Sample05 and Sample0O3 balanced insertions. Dia-
gram of rearrangements detected in Sample05 (a) and Sample03 (b).
a Parts of the original chromosomes 3 and 6 are depicted in the upper
panel, while the derivative chromosomes after insertion are shown in
the lower panel. Subsegments were painted different colors to indi-
cate the original and final location of each subsegment. This complex
insertion in the lower panel resulted a der(6) with the inserted yel-
low and brown subsegment in one direction, while the blue segment

38.2Mb 58.1Mb58.7Mb  84.0Mb

2pter

chré
ﬁ 6qter
74.1Mb!1743Mb 114. SMb 1200Mb 162.9Mb

Normal chromosomes

Derivative chromosomes

2pter
P 6qter

Fig.4 Fragmented acceptor chromosome: Sample02 and 5M. Dia-
gram of rearrangements detected in Sample02 (a) and 5M (b). a
Parts of the original chromosomes 2 and 6 are depicted in the upper
panel, while the derivative chromosomes after insertion are shown
in the lower panel. Subsegments were painted in different colors to
indicate the original and final location of each subsegment. The
genomic coordinates (in Mb scale) are indicated by black vertical
arrows. The subsegments in blue, pink and yellow on chromosome 2p
were inserted to chromosome 6q. The resulting der(6) in the lower
panel revealed complex rearrangements. For example, the pink sub-
segment at seq[GRCh37] 2pl6.1 chr2:2.5816279_58708053 was
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Normal chromosomes

Derivative chromosomes

18qter
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is in an inverted direction. The der(3) retained a 153 kb subsegment
(in purple), while the 2.3 Mb segment in gray was deleted. b In the
upper panel, the original locus of each DNA segment is shown with
genomic coordinate (in Mb scale) indicated by a black vertical arrow.
In the lower panel, the composition of each derivative chromosome is
shown. The yellow segment from the donor chromosome remained,
but with inverted orientation. Each rearranged segment is shown with
the genomic orientation indicated by a horizontal arrow

seq[GRCh37] dup(2)(q22.3)
chr2:9.147933056_147990428dup

*178.2Mb

2qter

1 @@ segment(s) from 2q

insertion inserted to 6q (copy-number gained)

6qter

[ chr2 originated and copy-number neutral
[ chré originated and copy-number neutral

seq[GRCh37] chr6:9.98433429_98447982

inserted in reverse orientation into 6q at the 114.5 Mb position, while
the blue and yellow subsegments were rearranged and inserted at the
120 Mb position. The 200 kb segment in orange on chromosome 6q
at 74.1 Mb location was moved distally to the 162.9 Mb location. (B)
The inserted segment from chromosome 2 consists of yellow and blue
subsegments and were inserted into chromosome 6 at 98.4 Mb posi-
tion in the reverse orientation. The resultant der(6) was rearranged
into three segments involving a small segment 14.6 kb seq[GRCh37]
6q16.1(98433429_98447982), located between the yellow and blue
subsegments
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Fig.5 An overview of 16 cases
with chromosomal insertions
depicting the distribution of
breakpoints and size of insertion
segments. a The spectrum of
chromosomal structural rear-
rangements detected by mate-
pair GS in 16 cases with known
chromosomal insertions. Each
line represents a rearrangement
junction and each color depicts
an individual case. b The size
of the insertion segment and the
number of structural rearrange-
ments identified in the acceptor
chromosome are shown. The
two red arrows show the two
cases with the highest number
of rearrangements; however,
there is no correlation to the
size of the insertion segment. P
values of Pearson and Spearman
correlation are shown accord-

ingly
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Size of the inserted segment(s) from the donor chromosome (Mb)

Breakpoint junction features

GS in combination with junction-specific PCR and Sanger
sequencing enabled the investigation of breakpoint fea-
tures at the nucleotide level. Among the 59 rearrangements
detected by mate-pair GS, 41 (69.5%) breakpoint junctions
were fine mapped by junction-specific PCR and Sanger
sequencing. The remaining 18 breakpoints could not be
resolved to nucleotide level because of primer design failure
or Sanger sequencing failure due to the limitation of current
technologies.

Among the 41 pinpointed junctions, microhomology was
the predominant type of breakpoint features in both groups,
followed by blunt ends, and small insertions accounting for
most of the breakpoint junctions (n=40). In addition, SINEs
and LINEs were found in 24% and 15% of the breakpoint
junctions, respectively (Table 3). However, none of them had
the same subcategory of repetitive elements or self-chain
alignment in the proximal and distal reference sequences
of the rearrangements (Supplementary Table S2). Sequence
similarity between the proximal and distal reference strands
was identified in only one junction (Supplementary Figure
S6). Only one breakpoint junction had the same subcategory
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Table 4 Comparison of breakpoint junction features with other studies

Categories Simple insertion Complex insertion Gu et al. (complex Redin et al. (balanced chro-
insertion)* mosomal rearrangements-
DGAP)*
Microhomology 5 (55.6%) 16 (50.0%) 11 (45.8%) 326 (49.4%)
Blunt end 2 (22.2%) 7(21.9%) 4 (16.7%) 169 (25.6%)
Small insertion 2(22.2%) 8 (25.0%) 9 (37.5%) 165 (25%)
Homology 0 (0%) 1(3.2%) 0 (0%) 0 (0%)
Total 9 32 24 660
Wilcoxon rank test (P value)
Simple insertion - 0.342857 0.200000 0.100000
Complex insertion 0.342857 - 0.857143 0.057143

*These studies were included if (1) the studied cases had chromosomal structural rearrangements identified by karyotyping and (2) the sequence

features at junction breakpoints are available

Table 5 Breakpoint junction analysis for the donor and acceptor chro-
mosome

Categories Donor Acceptor Chi-square
(segment  (inserted) test (P
from) value)

No % No %

Microhomology 2 40 19 53 0.592219

Small insertion 2 40 8 22 0.385717

Blunt end 1 20 8 22 0.910434

Homologous recombination 0 0 1 3 NA

Total 5 100 36 100 -

of repetitive element on both sides of the rearrangement
(self-chain, Supplementary Table S2).

We further compared the breakpoint features between
simple and complex insertions, but the results showed no
significant differences (Table 4). In addition, we also com-
pared the incidence of different breakpoint features with
previously reported complex insertions (Gu et al. 2016) and
balanced chromosomal rearrangements (translocations and
inversions) (Redin et al. 2017). The results also showed no
significant differences (Table 4). Furthermore, we subclas-
sified the breakpoint junctions based on whether they are
located on the donor or acceptor chromosomes, and no dif-
ferences for each category between two groups were found
(Table 5). However, the sample size was limited.

Non-B DNA motifs

To investigate whether the percentage of breakpoint junc-
tions with non-B DNA motifs or the motif distribution was
different from the genome, we obtained 394 genome-wide
simulated “rearrangements” to represent the background for
comparison (see “Materials and methods”).

As the number of breakpoint junctions in simple/complex
insertions was limited, we involved the breakpoint junctions
from the reported complex insertions (Gu et al. 2016) for
the analysis. Interestingly, each group (either including only
complex insertions or all insertions) showed a significant
difference on the distribution of various types of the non-B
motifs compared with the random generated data (Table 6).

Discussion

Mate-pair GS enabled investigation of chromosomal inser-
tions with/without copy number changes at nucleotide-level
resolution. Among our 16 cases with simple chromosomal
insertions, GS results not only revised the G-banded chro-
mosome analysis results in 75.0% (12/16) of cases, but also
enabled detection of additional complexities in 68.75%
(11/16) of cases.

In this study, the proportion of cases with cryptic rear-
rangements in chromosomal insertions was higher than pre-
viously reported by a combination approach utilizing CMA
and FISH/karyotyping (8/76) (Gu et al. 2016). Mate-pair
GS can detect rearrangements regardless of copy number
changes, emphasizing its utility for investigation of related
balanced and unbalanced chromosome aberrations. In addi-
tion, the incidence of cryptic rearrangements was signifi-
cantly higher in simple chromosomal insertions compared
to previously reported balanced translocations and inver-
sions (Dong et al. 2019a; Redin et al. 2017). We charac-
terized and further classified four classes of cryptic rear-
rangements, which were not mutually exclusive. Among
these four classes, insertion segments were fragmented and
rearranged, but clustered at the insertion site in ten cases
(10/16, 62.5%, class 1 cryptic rearrangements), half of which
(5/10) were with cryptic subsegments not inserted to the
insertion site (class 2). It indicated that a proportion of chro-
mosomal insertions might not undergo a simple release of
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, a segment from two breaks on the donor chromosome, but
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4 evidence of replication-based DNA repair mechanisms
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and autism spectrum, disruption of SHROOM4 may con-
tribute to the phenotype. However, further comprehensive
investigation by including the analysis of single nucleotide
variants may be warranted. Recent studies demonstrated
chromosomal structural variants may contribute to human
diseases by disrupting long-range loops, topologically asso-
ciating domains, and promotor enhancer interactions (David
et al. 2020; Lupiafiez et al. 2015). Future investigation of
potential correlation of chromosomal rearrangements with
such elements is desirable. Furthermore, chromothripsis-
like events can be observed in asymptomatic subjects with
abnormal pregnancy history such as recurrent miscarriage
(Dong et al. 2019a) and these events can increase the risk
of de novo cryptic copy number deletion/duplication related
to the inherited rearrangements in the offspring (de Pagter
et al. 2015). The ability of GS to comprehensively investi-
gate complex rearrangements highlights its utility to inves-
tigate chromothripsis- or chromoanasynthesis-like events
in chromosomal abnormalities, which would otherwise be
missed by conventional cytogenetic approaches.

Lastly, although studying the genetic inheritance of the
insertions particularly for cryptic rearrangements identified
by mate pair sequencing is important for clinical interpreta-
tion, this study has potential limitations. Due to the original
study design and consenting process, parental karyotyping
results were available only in 5/16 cases. Particularly, mate-
pair sequencing and other molecular assays could not be per-
formed in the parental samples. As such, we cannot exclude
the possibility of the patients’ unbalanced insertions to be
derived from a parent with a balanced insertion. The scope
of our study was to investigate the sequence features of the
related breakpoint junctions in chromosomal insertions iden-
tified by karyotyping and/or CMA. Therefore, we compared
our breakpoint sequence features with previously published
studies that included: (1) chromosomal rearrangements identi-
fied by karyotyping and (2) breakpoint sequence features that
are available (Tables 4 and 6). Large studies provide datasets
interrogating a large number of structural variants identified
in patients with autism spectrum disorders and other common,
complex diseases (Abel et al. 2020; Collins et al. 2017 ), which
lay the foundation to understand the genomic architecture of
structural rearrangements from megabase chromosomal seg-
ment to single nucleotide level. A future study is warranted to
investigate the breakpoint sequence feature differences of our
results with the ones provided in these databases. Systematic
study on insertions including visible and cryptic rearrange-
ments may provide insight into the complexity and underly-
ing mechanism(s) triggering the pathogenicity of the inser-
tions. Furthermore, although the large insert sizes by mate-pair
GS ranged from 3 to 8 kb compared to traditional short read
sequencing improved structural variation detection, unresolved
rearrangements still remain. For instance, a subset of break-
points (18/59) could not be resolved to the nucleotide-level by

Sanger sequencing especially in repeat regions. In one case
(24F), the complex rearrangements could not be completely
assembled albeit the detection of six independent breakpoints
by mate-pair GS. Future studies by long read sequencing will
have advantages in fine mapping rearrangement breakpoints in
previously inaccessible loci including repeat regions, atypical
GC regions and enabling phasing of complex rearrangements.
(Cretu Stancu et al. 2017; Logsdon et al. 2020).

Conclusion

Mate-pair genome sequencing enabled the precise breakpoint
characterization of chromosome insertions and revision of
the karyotypes of 75.0% of cases. It also revealed additional
cryptic complex rearrangements of the insertion subsegment
changes in 68.8% of the cases, significantly higher than those
reported in reciprocal translocations and inversions. Overall,
our study provided molecular characterization of karyotypi-
cally simple insertions, demonstrated previously underappre-
ciated complexities, and evidenced that chromosomal inser-
tions are likely formed by nonhomologous end joining and/
or microhomology-mediated replication-based DNA repair.
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