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Abstract
Purpose To report genetic characteristics and associated risk of chromosomal breaks due to chromosomal rearrangements 
in large samples.
Methods MicroSeq, a technique that combines chromosome microdissection and next-generation sequencing, was used to 
identify chromosomal breakpoints. Long-range PCR and Sanger sequencing were used to precisely characterize 100 break-
points in 50 ABCR carriers.
Results In addition to the recurrent regions of balanced rearrangement breaks in 8q24.13, 11q11.23, and 22q11.21 that had 
been documented, we have discovered a 10-Mb region of 12q24.13-q24.3 that could potentially be a sparse region of bal-
anced rearrangement breaks. We found that 898 breakpoints caused gene disruption and a total of 188 breakpoints interrupted 
genes recorded in OMIM. The percentage of breakpoints that disrupted autosomal dominant genes recorded in OMIM was 
25.53% (48/188). Fifty-four of the precisely characterized breakpoints had 1–8-bp microhomologous sequences.
Conclusion Our findings provide a reference for the evaluation of the pathogenicity of mutations in related genes that cause 
protein truncation in clinical practice. According to the characteristics of breakpoints, non-homologous end joining and 
microhomology-mediated break-induced replication may be the main mechanism for ABCRs formation.
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Introduction

Chromosome breakage and reconnection often result in 
apparently balanced chromosome rearrangements (ABCRs), 
such as reciprocal translocations and inversions, which have 
a prevalence of 0.52% in infants [1]. Chromosome rearrange-
ments are often detected in prenatal diagnosis [2–4], chil-
dren with developmental abnormalities [5–7], couples with 
recurrent miscarriages [8, 9], or infertile men [10]. Chromo-
some structure changes can occur during the processes of 
DNA replication, recombination, or repair [11, 12]. Gen-
erally, ABCRs with abnormal phenotypes are the result of 
disruption of autosomal dominant (AD) genes or haploinsuf-
ficient genes [13–15]. Most individuals with ABCRs present 
no abnormal phenotypes. During meiosis, errors in the pair-
ing and separation of homologous chromosomes can lead 
to the production of chromosomally unbalanced gametes, 
resulting in spontaneous abortions or the birth of children 
with intellectual disabilities and developmental abnormali-
ties [16–18]. Although prenatal diagnosis and preimplanta-
tion genetic testing have been successfully applied to prevent 
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the birth of children with unbalanced rearrangements, the 
evaluation of genetic risks due to ABCRs remains of great 
significance. By sequencing the breakpoints of ABCRs and 
determining whether they disrupt genes, we can more accu-
rately assess the risk of transmitting Mendelian genetic dis-
eases, which is essential for providing precise personalized 
genetic counseling to prevent birth defects.

Given the intricate relationship between genes and dis-
eases, reports have indicated that a few genes associated with 
autosomal dominant (AD) diseases can also demonstrate an 
autosomal recessive (AR) inheritance pattern. For example, 
hereditary spastic paraplegia (HSP), caused by mutations in 
the ERLIN2 gene, can be inherited in either a dominant or 
recessive manner. However, dominantly inherited ERLIN2 
mutations are more likely to be associated with typical HSP 
symptoms, which may be due to the dominant negative 
effect of mutations in the SPFH structural domain of the 
ERLIN2 gene [19]. The p.T258M heterozygous mutation in 
the KIF1A gene was observed to have a dominant negative 
effect in a study of a familial complex HSP [20]. However, 
despite our limited knowledge of the genome, there is still 
disagreement about whether truncating mutations in certain 
AD genes are pathogenic. In a large cohort of triple-nega-
tive breast cancer patients, nine individuals were found to 
have only protein-truncating mutations of the BARD1 gene 
[21]. Despite the low mutation rate of BARD1 in the general 
population, the correlation between these gene mutations 
and breast cancer has yet to be fully explored [22]. Moreo-
ver, different types of mutations of the same gene can result 
in disparate disease phenotypes. For example, the p.I157T 
missense mutation in the multiorgan cancer susceptibility 
gene CHEK2 is associated with a lower risk of breast cancer 
than the c.1100delC truncating mutation [23]. Follow-up of 
carriers with ABCRs that interrupt AD genes may provide 
insight into whether the truncating mutations in these AD 
genes are pathogenic.

The main mechanisms that lead to chromosomal rear-
rangements include nonhomologous end joining (NHEJ), 
non-allelic homologous recombination (NAHR), replication 
fork stalling and template switching (FoSTeS), and micro-
homology-mediated break-induced replication (MMBIR) 
[24–29]. NHEJ can repair double-stranded DNA breaks 
by directly linking the broken ends, which is thought to be 
the primary cause of chromosome translocations and other 
chromosomal structural aberrations [30]. Another investiga-
tion of balanced chromosome rearrangements revealed that 
microhomologous sequences were present at 74% (17/23) of 
the translocation breakpoints [31], indicating that NHEJ is a 
major contributor to chromosome rearrangements. Homolo-
gous recombination between region-specific low-copy repeat 
sequences (LCR) typically leads to NAHR [24], which has 
been identified as the cause of many genomic diseases [26]. 
FoSTeS and MMBIR are involved in complex chromosome 

variations. FoSTeS is an active replication fork stalling 
mechanism during DNA replication. It involves switching 
to another DNA template with microhomologous sequences 
[27], thus connecting the DNA being replicated to another 
DNA. During DNA replication, MMBIR can repair single-
strand breaks (SSBs). However, structural variations can be 
introduced, as single-stranded DNA with microhomology 
to the 3′ DNA of SSB may be mistakenly involved in the 
repair process [28].

In this study, we analyzed 2441 chromosomal structural 
rearrangement breakpoints in 1219 ABCR carriers using 
a modified MicroSeq technique and found that the 10-Mb 
region of 12q24.13-q24.3 may be a region sparse for bal-
anced rearrangement breaks. Further analysis of the break-
points revealed that 42.72% (898/2102) of breakpoints dis-
rupted known genes, and in the number of breakpoints that 
interrupted the genes recorded in OMIM, 25.53% (48/188) 
of breakpoints interrupted the AD genes. We also identi-
fied 100 chromosomal structural breakpoints in 50 bal-
anced rearrangement carriers and characterized sequences 
near the breakpoints. This result suggests that NHEJ and 
MMBIR may be the primary mechanisms underlying ABCR 
formation.

Materials and methods

Study subjects

The study was conducted after approval by the Reproductive 
and Genetic Hospital of CITIC Xiangya Ethics Committee 
(LL-SC-2016-002) and informed consent was obtained from 
the patients, including 1182 cases of balanced transloca-
tion, 12 cases of inversion, and 3 cases of insertional trans-
location. Robertsonian translocations were excluded from 
this study since they only involved centric fusions between 
acrocentric chromosomes. All patients sought PGT treat-
ment after detection of ABCRs for primary or secondary 
infertility or spontaneous abortion after marriage, and no 
significant phenotypic abnormalities were observed in the 
clinical records.

Genomic DNA preparation

Genomic DNA from blood from the patients was extracted 
by Qiagen Blood DNA Kits (Qiagen), according to manu-
facturer’s instruction. Quality and quantity of the extracted 
DNA were measured using NanoDrop 1000 Spectrophotom-
eter and agarose gel electrophoresis. For all subjects, DNA 
extracted from whole blood was used for junction breakpoint 
PCR experiments.
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Preparation of metaphase chromosome division 
phase in peripheral blood lymphocytes

Karyotypes were determined from G-banding analysis using 
standard protocol according to the ISCN nomenclature. Met-
aphase chromosomes were prepared from cultured lympho-
cyte cells obtained from carriers by standard techniques.

Modified MicroSeq

Chromosome microdissection-based next-generation 
sequencing (MicroSeq) was performed as described previ-
ously [32] with certain improvements. The improvements 
include (1) adding 10 μL of nucleic acid-free sterilized water 
dropwise to the split phase region before microdissection of 
the target fragment to facilitate firm attachment of the cut 
fragment to the capillary glass needle tip during excision and 
(2) changing the DOP-PCR amplification to the application 
of the PicoPLEX or WGA4 kit, which greatly reduced the 
amplification time of the cut product. The Ion Xpress™ Plus 
Fragment Library Kit (Thermos Fisher Scientific) was used 
to construct the sequencing library following the manufac-
turer’s instructions. The library DNA was amplified using 
the Ion PGM™ Template OT2 200 Kit (Thermos Fisher 
Scientific) for 5.5 h according to the manufacturer’s instruc-
tions. About 8–10 identical derived chromosomes were used 
for amplification, and amplification according to the WGA4 
kit instructions procedure yielded approximately 2.8 μg of 
DNA product. About 2 ng of DNA product was used for each 
sequencing to construct the sequencing library.

The universal forward and reverse primer sequences 
(CCG ACT CGAG) contained in the read sequences were 
removed and sequences were aligned to the human chromo-
some HG19 using the Burrows-Wheeler Alignment (BWA) 
software, removing sequences that were repeatedly aligned 
to multiple positions. Based on the number of sequence 
matches, the location of the derivative chromosome break-
point was detected, and the characteristics of the region at 
that location included: (1) both derived chromosomes had 
sequences at that location; (2) each derived chromosome had 
a significantly higher number of sequences in that region 
than the other regions.

Cross‑breakpoint PCR

The primers were designed to amplify cross-breakpoint frag-
ments based on the specific sequences of NGS sequencing 
reads compared to HG19, with reference to the range of 
breakpoints predicted by the chromosome location, and the 
effective cross-breakpoint PCR primer sequences are shown 
in Supplementary Table S1. Five hundred nanograms of 
carrier and normal human genomic DNA was used as tem-
plate in a 50-μL (1 × Taq Plus PCR Green) reaction system, 

programmed to denaturation at 95 °C for 5 min, 35 cycles 
for amplification (denaturation at 94 °C for 30 s, annealing 
at 58 °C for 30 s, extension at 72 °C for 30 s), and finally 
extension at 72 °C for 5 min.

The carrier-specific single PCR product bands were puri-
fied using the GelExtraction Kit (Qiagen) and sequenced by 
bi-directional Sanger sequencing, and the trans-breakpoint 
sequences were aligned with the human chromosome refer-
ence sequences using the Blast online software.

Results

Overall distribution of the 2441 breakpoints

We retrospectively analyzed the 2441 chromosomal 
rearrangement breakpoints from MicroSeq localization data 
of 1219 ABCR carriers, including 2364 breakpoint regions in 
1182 cases of reciprocal translocations, 68 breakpoint regions 
in 34 cases of inversions, and 9 breakpoint regions in 3 cases 
of insertion of translocations. Reciprocal translocation was 
the major chromosome rearrangement, accounting for 97% 
of the total (Table 1). Approximately 3–4 million reads with 
up to 40% coverage were obtained from NGS sequencing. 
Given that the WGA4 kit is an optimized amplification 
kit based on the principle of degenerate oligonucleotide-
primed polymerase chain amplification (DOP-PCR), the 
distances between randomly bound sites in the human 
genome of degenerate oligonucleotide primers are on average 
approximately 3–5 kb. Thus, it is possible to pinpoint the 
location of breakpoints for chromosomal rearrangements 
that were located on specific chromosomes to an average of 
3.8 kb. The distribution of breakpoints  on chromosomes is 
shown in Fig. 1a. The karyotype analysis and breakpoint data 
of 1219 cases are summarized in Supplementary Table S2.

The ABCRs encompass known recurrent rearrangement 
regions, such as 22q11.21 (chr22:20326658-20327753 
bp, 41/1219), 8q24.13 (chr8:125493713-125711433 bp, 
7/1219), and 11q11.23 (chr11:116682059-116683162 bp, 
37/1219) (Fig. 1b, c, and d). We also found that a 10-Mb 
region located on 12q24.13-q24.3 was likely to have a 
reduced amount of balanced chromosome rearrangements 

Table 1  Summary of the number of cases and breakpoints in this 
study

Classes Case (%) Number of 
breakpoints

Inversion 34 (2.8%) 68
Insertion 3 (0.2%) 9
Simple reciprocal transloca-

tion
1182 (97%) 2364

Total 1219 2441
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Fig. 1  Distribution of breakpoints on chromosomes. a Distribu-
tion of breakpoints on chromosomes other than sex chromosomes. 
b Distribution of breakpoints on chromosome 22 shows a recur-
rent breakpoint region of 22q11.21. c Distribution of breakpoints 
on chromosome 8 shows a recurrent breakpoint region of 8q24.13. 

d Distribution of breakpoints on chromosome 11 shows a recurrent 
breakpoint region of 11q11.23. e Distribution of breakpoints on chro-
mosome 12 shows a large sparse region of q24.13-q24.3. f Distribu-
tion of breakpoints on chromosome 9 shows a large breakpoint gap of 
9q12 due to the presence of heterochromatin
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(Fig. 1e). Chromosome 9 had a large breakpoint gap region 
at 9q12 due to the presence of heterochromatin (Fig. 1f). Our 
analysis revealed that 89.19% (33/37) of the rearrangements 
that occurred in 11q11.23 were exchanged with 22q11.21, 
and 80.49% (33/41) of the rearrangements that occurred 
in the recurrent rearrangement region on 22q11.21 were 
exchanged with 11q11.23 (Fig. 2). This suggests that chro-
mosomal recurrent rearrangement regions that are abundant 
in AT repeat palindrome sequences are likely to interchange 
with one another.

Breakpoint‑disrupted genes

Of the 2441 chromosomal breakpoints that were analyzed, 
105 breakpoints had poor sequence alignment results, and 
85 breakpoints were located in genomic regions with com-
plex structures or segmental duplications based on data 
from T2T-CHM13 and GRCh38, which could not be accu-
rately determined by short-read sequencing. These break-
points were not suitable for gene disruption analysis. In 
addition, a total of 149 breakpoints were identified in the 
heterochromatin region, with the majority (66.44%, 99/149) 
situated in the centromere. Additionally, 15.44% (23/149) 
were located in the short arm of the D/G group, 7.38% 
(11/149) were located in the telomere, and 10.74% (16/149) 
were located in the secondary constrictions (Fig. 3a). The 
MicroSeq technique can narrow down the breakpoints to an 
average area of 3.8 kb in the remaining 2102 (86.11%) break-
points that were located in the euchromatin region, thereby 
making it feasible to determine whether the genes are dis-
rupted. Among these breakpoints, 54.14% (1138/2102) were 
situated between two adjacent genes, which indicates that 
these breakpoints did not disrupt genes. Moreover, 42.72% 
(898/2102) of the breakpoint ranges were observed within 

the same genes, suggesting that these chromosomal breaks 
had caused gene disruption. Only 3.14% (66/2102) of the 
breakpoint ranges had one side inside the gene and the 
other side outside the gene, making it unclear whether gene 
disruption had occurred (Fig. 3b, Supplementary Fig. S1). 
Given that the proportion of protein-coding genes in the 
genome is less than 1.5%, our data imply that chromosomal 
rearrangements are more likely to occur within genes than 
in intergenic regions.

To investigate the genetic risks of the ABCRs, we ana-
lyzed the 898 breakpoints that interrupted genes. It was dis-
covered that 8.94% (188/2102) of breakpoints interrupted 
Mendelian disease-related genes, as recorded in the OMIM 
database (Fig. 3b). Among the 188 breakpoints, 53.19% 
(100/188) disrupted AR genes, 25.53% (48/188) disrupted 
AD genes, 11.70% (22/188) disrupted genes of two or more 
different inheritance patterns, and 9.57% (18/188) disrupted 
genes with unknown inheritance patterns (Fig. 3b, Supple-
mentary Table S3).

Most AD‑disrupted ABCR carriers are phenotypically 
normal

We then conducted a follow-up of 48 carriers with ABCR-
caused AD gene interruptions and discovered that only 
one patient (MD20185) had a partial Marfan syndrome 
phenotype, as he had a chromosome 15 translocation with 
the breakpoint located in the region of chr15:48795511-
48797005 bp, interrupting the FBN1 gene. Cardiac ultra-
sound revealed slight tricuspid regurgitation in the patient, 
with no other significant abnormalities observed. The patient 
is 1.84 m tall, has been highly myopic since childhood (left 
850/right 900), has crowded and uneven mandibular teeth, 
stands upright with hands that do not drop below the knees, 

Fig. 2  Distribution of the recur-
rent translocation rearrange-
ment breakpoints mapped in 
our research. The chromosome 
exchange between 11q23.3 and 
22q11.21 was highlighted in red
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and does not have an arachnodactyly phenotype (finger 
length is normal). His brother, who has two children, has 
the same phenotype, as revealed by the family history. His 
father’s teeth have been lost, so the alignment is unknown. 
These characteristics overlap with some of the phenotypes 
of Marfan syndrome, albeit the phenotype is mild.

The remaining 47 carriers appeared to be consistent with 
normal at the stage where they sought to reproduce. All 
carriers reported no unusual discomfort and declined fur-
ther examinations. Among the 48 AD genes disrupted by 
breakpoints, only 6 genes have HI scores of 3 in ClinGen 
(https:// www. clini calge nome. org/), which means they have 
sufficient evidence for haploinsufficiency. In addition, 23 of 

48 AD genes had a pLI score > 0.9 according to gnomAD 
(http:// www. gnomad- sg. org/), indicating that these genes are 
not resistant to protein truncation mutations (Supplementary 
Table S4). However, no one presented with an anomalous 
phenotype at the time of presentation except the carrier with 
interrupted FBN1. We screened 6 genes (ZFPM2, TCF12, 
PTPN11, CDON, KCNJ6, and KCNQ5) related to early-onset 
and severe teratogenic diseases to assess the pathogenicity 
of the gene interruption, including two 2 haploinsufficien-
cies. We excluded 41 genes related to late-onset or cryp-
tic diseases for which the pathogenicity of translocations 
was difficult to evaluate (Fig. 3c, Supplementary Table S5). 
Patients with mutations in the six genes primarily display 

Fig. 3  Classification of breakpoints location. a Classifications of 
breakpoints located in specific euchromatin. b Proportion of 2102 
breakpoints which can be determine whether the genes are disrupted. 

c Classifications of diseases associated with the 48 AD genes which 
were interrupted by breakpoints. Red font indicates that the genes 
belong to haploinsufficiency genes
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phenotypes that are associated with considerable anoma-
lies in facial features, stature, limb development, and intel-
lectual capacity. None of these ABCR carriers exhibits 
abnormal phenotypes in the aspects mentioned above. We 
compared our rearrangement sites to the potential patho-
genic truncated mutation sites reported in the Human Gene 
Mutation Database (HGMD). Additionally, we investigated 
PubMed and OMIM to determine the penetrance of diseases. 
Reports of truncated mutations in the rearrangement posi-
tions of ZFPM2 and TCF12 have been documented. The 
breakpoints of PTPN11 and CDON are positioned after the 
reported truncated mutation sites. Furthermore, the break-
points of KCNJ6 and KCNQ5 are both situated before the 
reported truncated mutation sites (Table 2). Our findings 
suggest that truncation mutations at arrangement regions in 
PTPN11, CDON, KCNJ6, and KCNQ5 may not cause any 
abnormal phenotype in carriers at reproductive age.

It was found that both of the breakpoints that interrupted 
TCF12 and ZFPM2 were between the positions of poten-
tial truncated mutation sites, which means that they have 
varying degrees of truncated mutations leading to associated 
diseases. The reason that the ABCR carriers do not present 
with abnormal phenotypes can be explained by the incom-
plete penetrance of related diseases (Table 2). Breakpoints 
that interrupted PTPN11 and CDON were behind potential 
truncated mutation sites. It is possible that the protein trun-
cated by rearrangements still functions as a partial protein, 
which could account for the normal phenotypes of carriers; 
thus, this truncated mutation may have little effect on protein 
functions. Furthermore, both rearranged sites of KCNJ6 and 
KCNQ5 were in front of the potential truncated mutations, 
and both genes are haploinsufficient. Additionally, related 
diseases have not been reported with incomplete penetrance 
(Table 2). The breakpoint site of KCNJ6 was located in the 
early region of the 5′UTR, which suggests the possibility 
that the expression of this gene can be executed on another 
chromatin after translocation. The breakpoint site of KCNQ5 
was located in introns 1–2. It is possible that the truncated 
protein will be degraded, and its allele is sufficient for nor-
mal physiological functions. The above results suggest that 
truncation mutations at arrangement regions in PTPN11, 
CDON, KCNJ6, and KCNQ5 may not cause an abnormal 
phenotype at reproductive age in carriers.

Mutational signatures underlying mechanisms 
of rearrangement formation

To investigate the mechanisms leading to balanced chromo-
somal rearrangements, a total of 100 chromosomal break-
points carried by 50 of these patients were pinpointed and 
characterized using long fragment PCR combined with 
Sanger sequencing (Supplementary Table S6). Of these, 
54 (54%, 54/100) rearrangement breakpoints had 1–8 bp 

of microhomologous sequence at the breakpoints, with a 
predominance of 2–3-bp microhomology, which were 
accompanied by base deletions (1–14 bp), insertions (1–21 
bp), or duplications (1–8 bp) at both ends or individually, 
and 30 (30%, 30/100) break junctions were blunt end junc-
tions (Fig. 4a–b). NHEJ is a way to repair double-stranded 
DNA breaks, as its template-independent direct joining of 
broken DNA ends is prone to cause structural chromosome 
variations. MMBIR can repair SSB during DNA replication 
through a break-induced replication mechanism based on 
microhomologous sequences. This result shows that there is 
no large segment homology at the breakpoints of these chro-
mosomes and that there is only microhomology with minor 
imbalance features, suggesting that the possible mechanism 
of rearrangement is related to the combination of NHEJ and 
MMBIR.

Discussion

Carrier screening for healthy populations, in combination 
with prenatal and preimplantation diagnosis to avoid birth 
defects, is an effective approach to reduce the incidence of 
Mendelian genetic disorders [33–37]. Our breakpoint data 
analysis revealed that 42.72% (898/2102) of breakpoints 
explicitly interrupted genes, and this percentage is signifi-
cantly higher than the 1.5% of gene sequences in the human 
genome, suggesting that chromosomal rearrangements are 
more likely to occur in gene sequences. In this study, 8.22% 
(93/1132) of phenotype-free ABCR carriers were found to 
have an interruption in the AR gene (Table 3). All indi-
viduals had a normal phenotype, likely due to a fully func-
tional allele on the normal homologous chromosome. If the 
carrier’s normal spouse carries a heterozygous pathogenic 
mutation in the broken gene, the offspring will be at high 
risk of suffering from the related genetic diseases since they 
may inherit both the broken genes from the carrier and the 
pathogenic mutations from his or her spouse [38]. Therefore, 
it is recommended that the spouse of the carrier be screened 
for the corresponding gene, allowing for an accurate assess-
ment of the genetic risk of the broken gene in the event of 
the carrier couple having offspring and the selection of an 
appropriate approach for childbirth.

In this study, with the exception of one patient who car-
ried an interrupted FBN1 gene, the rest of the patients with 
chromosomal rearrangements were tentatively not found 
to have abnormal phenotypes at the stage where they were 
seeking reproduction. These findings are distinct from the 
results of other research showing that at least 33.9% of car-
riers of balanced chromosomal abnormalities (BCAs) pre-
sented with congenital anomalies that could be caused by 
genes interrupted by breakpoints overlapping with known 
microdeletion/microduplication syndromes or associated 
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Table 2  The range of mutant sites of genes associated with early-onset and apparently abnormal phenotypic disease reported by others and the 
location of breakpoints in this study

Genes Clinical phenotypes of diseases Incomplete 
 penetrancea

Potential truncated mutation sites 
reported by  literaturesb

Location of 
breakpoints 
in this 
research

Phenotype of carriers

KCNJ6 Keppen-Lubinsky syndrome. Severely 
delayed psychomotor development, 
hypertonia, hyperreflexia, general-
ized lipodystrophy giving an aged 
appearance, and distinctive dysmor-
phic features, including microceph-
aly, prominent eyes, narrow nasal 
bridge, and open mouth.

NA Exon 1 5′UTR No abnormal phenotype

KCNQ5 Intellectual developmental disorder, 
autosomal dominant 46 (MRD46). 
Delayed psychomotor development, 
variably severity intellectual disabil-
ity, impaired coordination, unsteady 
gait, lack of ambulation, poor or 
absent speech.

NA Exon 14 Intron 1–2 No abnormal phenotype

CDON Holoprosencephaly 11. Absent 
columella, proptosis, hypotelorism, 
thick eyebrows, synophrys, global 
developmental delay, agenesis of the 
corpus callosum, et al.

NA NA Intron 14–16 
(containing 
exon 15)

No abnormal phenotype

Ocular coloboma is a gap in one or 
more tissues in the eye, typically 
caused by failure of optic fissure 
closure during development.

NA Intron 13–14
Intron 6–7

Pituitary stalk interruption syndrome 
(PSIS) is a disorder characterized by 
the combination of three abnormali-
ties found on magnetic resonance 
imaging (MRI): interrupted pituitary 
stalk, absent or ectopic posterior 
pituitary, and anterior pituitary 
hypoplasia. Besides the pituitary 
insufficiency, PSIS can be associated 
with other midline and ophthalmic 
abnormalities.

Y Exon 14

ZFPM2 46, XY sex reversal-9 (SRXY9). Phe-
notypically female, does not develop 
secondary sexual characteristics dur-
ing puberty and has no physiological 
phase. The uterus and fallopian tubes 
are present and the external genitalia 
are female.

NA Exon 8 Intron 5–6 No abnormal phenotype

Tetralogy of Fallot (TOF). Preau-
ricular pits, fifth finger clinodactyly, 
broad forehead, prominent eyes, 
et al.

NA NA

Congenital diaphragmatic hernia (CDH) 
is a common birth defect. CDH 
patients have a diaphragmatic defect 
as an isolated, left posterolateral 
defect, which often includes lung 
hypoplasia. Someone additional 
malformations, at times as part of a 
recognizable syndrome.

Y Exon 1×2, 7, 8
Intron 1–2
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with dominant developmental disorders [39]. We hypoth-
esize that there may be a few reasons that a patient may 
not have a phenotype. For example, the truncated protein is 
degraded and the protein is not dose-sensitive or the disease 
caused by the truncated mutation has a late onset or incom-
plete penetrance. [40, 41]. Additionally, two ABCR carri-
ers had rearrangements disrupting the ZFPM2 and TCF12 
genes in truncated regions reported by others, yet they did 
not demonstrate any symptoms, suggesting that the related 
diseases may not be fully penetrant. Furthermore, two 
asymptomatic ABCR carriers had chromosome rearrange-
ments with in breaks in PTPN11 and CDON subsequent 
to the truncation sites repoted by others. It is possible that 
the lack of phenotype in these ABCR carriers is due to the 

rearranged truncated proteins retaining some of the capabili-
ties of the normal proteins. Additionally, the breakpoints of 
KCNJ6 and KCNQ5 in two ABCR carriers are located prior 
to the reported truncation sites, and neither gene is indi-
cated to be haploinsufficient. No incomplete penetrance has 
been reported for the related diseases. The rearrangement of 
KCNJ6 occurs in the 5′UTR, thus KCNJ6 gene expression 
is still possible despite the rearrangement. The rearrange-
ment of KCNQ5 is located in the intron 1–2 region, and the 
truncated KCNQ5 protein may be degraded. However, the 
other normal KCNQ5 allele may be sufficient to fulfill its 
normal functions. Our findings suggest that most truncation 
mutations in rearrangement regions in ABCR carriers may 
be benign.

Potential truncated mutation site of 6 genes associated with severe phenotypes searched from HGMD. Excluding the AR inheritance phenotype
NA not available, Y yes
a Querying the OMIM database or PubMed for gene-related diseases with penetrance
b Excluding cases of multiple gene mutations

Table 2  (continued)

Genes Clinical phenotypes of diseases Incomplete 
 penetrancea

Potential truncated mutation sites 
reported by  literaturesb

Location of 
breakpoints 
in this 
research

Phenotype of carriers

PTPN11 Noonan syndrome-1 (NS1). Short stat-
ure, facial dysmorphism, and a wide 
spectrum of congenital heart defects. 
Broad forehead, hypertelorism, 
downslanting palpebral fissures, 
a high-arched palate, and low-set, 
posteriorly rotated ears.

NA Exon 2, 5, 11 Intron 13–14 No abnormal phenotype

Metachondromatosis is characterized 
by exostoses (osteochondromas), 
commonly of the hands and feet, 
and enchondromas of long bone 
metaphyses and iliac crests.

Y NA

LEOPARD syndrome 1, an acro-
nym for the manifestations of this 
syndrome: multiple lentigines, 
electrocardiographic conduction 
abnormalities, ocular hypertelorism, 
pulmonic stenosis, abnormal 
genitalia, retardation of growth, and 
sensorineural deafness.

NA NA

TCF12 Craniosynostosis 3. Premature fusion 
of the cranial sutures such that the 
growth velocity of the skull often 
cannot match that of the developing 
brain. Skull deformity and raises 
intracranial pressure.

Y Exon 4, 5, 6, 7, 8×4, 9, 10×3, 11×3, 
12, 13×5, 15×3, 16×9, 17×2, 18

Intron 5–6, 10–11×3, 18–19

Intron 8–9 No abnormal phenotype

Hypogonadotropic hypogonadism 26 
with or without anosmia (HH26). No 
puberty or with olfactory deficiency. 
Male patients are usually born with 
cryptorchidism and smaller external 
genitalia.

Y
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Fig. 4  Molecular characterization of 100 precise breakpoints. a Sche-
matic representation of types of chromosomal equilibrium rearrange-
ments. i Flat end joining; ii schematic representation of end joining 

containing only microhomology; iii schematic representation of end 
joining containing microhomology accompanied by insertion or dele-
tion. b Bar chart of classification of 100 precise breakpoint characters
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Topologically associated domains (TADs) on chromo-
somes can facilitate the interaction between enhancers and 
promoters to regulate gene expression, and chromosomal 
rearrangements that disrupt the TAD structure can lead to 
abnormal gene expression [39, 42, 43]. For example, the 
expression of some developmental genes was dysregulated 
by TAD structure, which was interrupted by breakpoints in 
7.3% of subjects with congenital malformations in the study 
of Redin et al. [39]. It has been shown that some BCA carri-
ers present a fertility disorder phenotype without disrupting 
reproduction-related genes, possibly because the breakpoints 
interrupt the TAD structure and thus aberrantly regulate the 
expression of genes related to reproduction [10]. For patients 
with ABCRs with infertility, no reproduction-related genes 
were interrupted in our research, and we did not exclude the 
possibility that breakpoints may disrupt the TAD structure of 
genes associated with reproduction. However, there are some 
cases with altered gene expression that cannot be explained 
by position effects [44]. Similarly, ABCR carriers with chro-
mosomal rearrangement-disrupted AD genes in other stud-
ies did not present any abnormal phenotypes [3]. Further 
investigation is necessary to determine whether the genes 
interrupted by chromosome rearrangements have a differ-
ent physiological significance or expression patterns than 
other types of mutations. Our data may provide an informa-
tive value for clinical genetic counseling regarding the risk 
of diseases associated with genes affected by chromosome 
rearrangement.

For ABCR carriers with an interrupted AD gene, it is 
necessary to determine whether the gene-related diseases 
are late-onset. If the carrier does not present any phenotype 
and the corresponding diseases are not late-onset, the muta-
tion at the region may be considered a nonpathogenic muta-
tion. In cases where the carrier has a breakpoint-associated 
genetic disorder phenotype, prenatal diagnosis or preimplan-
tation genetic testing (PGT) should be suggested to ensure 
the birth of a child free from chromosome rearrangements. 
Upon learning that his chromosome rearrangement inter-
rupted the FBN1 gene, resulting in his mild Marfan syn-
drome phenotypes, case MD20185 chose PGT to have an 
ABCR-free baby. After the first cycle of PGT treatment, 
the patient obtained three paternally balanced translocation 

carrier embryos but no normal embryos. Subsequently, after 
receiving genetic counseling, the couple decided to initiate a 
new PGT cycle and chose to transfer only normal embryos.

Chromosomal rearrangement breakpoints contain essen-
tial details regarding structural variation. If the breakpoints 
of chromosomal rearrangements were usually located in 
regions of nonallelic homologous sequences, this usually 
suggested that the rearrangements were likely caused by 
NAHR between two low-copy repetitive sequences [26, 
45]. Given the limitation of MicroSeq that could not confi-
dently map the breakpoints which were located in segmental 
duplications, the NAHR was not been excluded in this study. 
Our research revealed that 54% of the breakpoints featured 
microhomology with minor imbalances. These findings indi-
cate that NHEJ or combination with MMBIR are possible 
mechanisms of rearrangement, as previously suggested [3, 5, 
31, 46, 47]. One of the limitations of MicroSeq is that it can 
only detect breakpoints of known obvious chromosome rear-
rangements and construct single nucleotide polymorphism 
(SNP) haplotypes linked to breakpoint regions. However, it 
cannot identify unknown chromosomal structure variants on 
a genome-wide scale in a blind way. Moreover, MicroSeq 
was unable to directly identify the orientation of complex 
or cryptic imbalances that may exist in breakpoints. Combi-
nation with controlled polymerizations by adapter-ligation 
(CP-AL) techniques is required to assemble a complete spec-
trum of chromosomal structural variation [48, 49]. Future 
technologies that directly identify all precise breakpoints at 
the base level on a genome-wide scale need to be developed, 
and these technologies that can identify breakpoint-linked 
SNPs will have more general clinical applications.

Despite our attempts to contact asymptomatic ABCR car-
riers after the gene interruption was identified, the majority 
of patients declined further examination, which prevented us 
from gathering any potential concealed phenotypes. Conse-
quently, the clinical significance of most late-onset or mild 
AD gene interruptions has not been accurately assessed; 
we will continue to monitor the subsequent health status of 
patients with chromosomal rearrangements in an attempt 
to elucidate the pathogenicity of chromosomal rearrange-
ments. In addition, this study did not investigate the posi-
tional effects of chromosomal rearrangements. Moreover, for 

Table 3  The number and 
proportion of patients who 
carried the interrupted gene

Number of different types of breakpoints interrupting genes Carrying rates

Interrupting AD genes documented by OMIM 4.22% (48/1132)
Interrupting AR genes documented by OMIM 8.22% (93/1132)
Interrupting multiple inherritance pattern genes documented by OMIM 1.86% (21/1132)
Interrupting unknown inherritance pattern genes documented by OMIM 1.77% (20/1132)
Interrupting non-disease-related and undocumented genes by OMIM 47.17% (534/1132)
Patients with no gene interruption, or patients who cannot determine whether the gene 

has been interrupted
36.75% (416/1132)
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those ABCR carriers whose haploinsufficient genes or AD 
genes have been disrupted by chromosomal rearrangements, 
we were unable to obtain samples to determine if the expres-
sion levels of related genes and downstream gene functions 
had been altered. Whether the AD OMIM genes have a new 
pathogenic mechanism or whether the genetic calling of 
chromosomal rearrangement is correct is one of the limita-
tions of this study as we cannot give an accurate answer 
without the study of the exact mechanism. Nevertheless, this 
study offers a gene-level breakpoint map of chromosomal 
rearrangements in a cohort of ABCR carriers, thereby pro-
viding reference data to assess the genetic risks associated 
with the chromosomal rearrangement breakpoints in this 
population. Moreover, it suggests that NEHR and MMBIR 
may be the primary mechanisms underlying the formation of 
apparently balanced chromosomal rearrangements.

Supplementary Information The online version contains supplemen-
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