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Several reports have presented that balanced chromosomal rearrangements (BCRs) carriers with
normal phenotypes may be carriers of complex rearrangements. However, the incidence and PGT
clinical outcomes of cryptic complex chromosome rearrangements (CCCRs) in individuals with BCRs is
remain unknown. We recruited a cohort of 1,264 individuals with BCR carriers from 2016 to 2021 at the
Reproductive and Genetic Hospital of CITIC Xiangya. Peripheral blood was collected for karyotyping
and genomic DNA extraction and the PGT-SR clinical outcomes of CCCRs carriers were analyzed and
compared with those of BCR carriers. Our findings revealed that 3.6% (45/1,264) of BCR carriers had
CCCRs, involving 3-25 breakpoints on 1-3 chromosomes. Furthermore, when mate-pair sequencing
was employed, 63.3% (19/30) of CCCR carriers were found to have chromosome rearrangements that
were different from those identified by the MicroSeq technique. And the transferable embryo rate of
CCCR carriers with 3 chromosomes was significantly lower than that of CCCR carriers with only 1-2
chromosomes. In this research, we revealed that some of the BCR carriers were actually CCCR carriers,
and the prognosis of PGT in CCCR carriers with one or two chromosomes is better than that of CCCR
carriers with three chromosomes.

Keywords Balanced chromosome rearrangment (BCR), Cryptic complex chromosome rearrangment
(CCCR), Micro-seq, Mate-pair sequencing, Preimplantation genetic testing (PGT)

Chromosomal structural variations are intricate rearrangements within the structure of chromosomes, with
consequences that can range from benign to pathogenic'. These alterations can emerge during fundamental
processes such as DNA replication, recombination, or repair>*. The most important mechanisms of chromosomal
structural rearrangements are non-allelic homologous recombination (NAHR), non-homologous end-joining
(NHE)), fork stalling and template switching (FoSTeS), and microhomology-mediated Break-induced replica-
tion (MMBIR). They are notably detected in the context of prenatal diagnosis, describing possible risks to the
developing fetus*™%, in children with developmental abnormalities where they can be a cause of these issues 7=,
in couples facing recurrent miscarriages, where they may explain repeated pregnancy losses'’, and in cases of
male infertility, where they can be an underlying factor contributing to reproductive challenges'!.

These chromosome structural rearrangements can be broadly classified into two principal categories: unbal-
anced and balanced chromosome rearrangements (BCRs). Unbalanced rearrangements, described by deletions
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or duplications, often manifest as discernible changes in an individual’s traits, whereas BCRs, which encompass
translocations, inversions, and insertions, tend not to result in a net gain or loss of genetic material and usually
do not give rise to conspicuous physical alterations in affected individuals'>. While BCRs are relatively rare, it
is important to note that they can be linked to abnormal phenotypes, including congenital abnormalities and
reproductive issues such as infertility or miscarriages'?.

Complex chromosomal rearrangements (CCR) are rare chromosome rearrangements involving more than two
chromosomes or more than two breakpoints in one chromosome!*. Segregation during meiosis in CCR carriers
is the main driver of structural alterations, generating unbalanced gametes containing random combinations
of derivative and normal homologues; the probability of producing gametes with balanced genomes decreases
as the number of chromosomes involved in the rearrangements increases. The general risk for spontaneous
abortions for CCR carriers is 77.6% and 9.7% for an affected child. Most unbalanced CCRs are often associated
with intellectual disability'". There is a direct relationship between the number of breakpoints detected and the
resolution of the analysis method used to assess CCRs because when the resolution increases, the identified
number of breakpoints also increases's. CCR patients commonly seek help from assisted reproduction technology
(ART) and preimplantation genetic testing (PGT), which can identify balanced euploid embryos for intrauterine
transplantation and subsequent development into a healthy infant!”.

Although case reports have indicated the presence of CCCR in BCR carriers'®, no comprehensive reports on
the prevalence, features, and PGT clinical outcomes of CCCR in BCR carriers have been documented. This study
employed MicroSeq technology to investigate chromosome rearrangements in 1,264 BCR carriers and revealed
that 3.6% of them had CCCRs. Furthermore, the characteristics of these CCCRs and the clinical outcomes of
PGT were also analyzed.

Results

The incidence and classification of CCCR in BCR carriers

In this study, MicroSeq was used to analyze 1,264 BCR carriers previously identified through G-banding karyo-
typing. Interestingly, it was observed that 3.6% (45 out of 1,264) of BCR carriers had CCCR. Among them, 3
inversion carriers (8.1%, 3/37) were found to have cryptic intrachromosomal CCCRs. These CCCRs do not affect
other chromosomes, but there are microdeletions or microduplications at the breakpoints. The other 42 BCR
carriers (3.4%, 42/1,225) had interchromosomal CCCRs. Among them, 11 cases (26.2%, 11/42) had CCCRs that
involved chromosomes other than those involved in balanced translocations. The remaining 31 cases (73.8%,
31/42) had CCCRs that exclusively involved translocation chromosomes (Supplementary Table S1) (Fig. 1). Our
results suggest that the presence of CCCR is not uncommon in G-banding-characterized BCR carriers.

CCCR can often cause copy number variation of more than 100 kb

Our MicroSeq data revealed that one out of the three inversion carriers with CCCR had a 480 kb gap, suggest-
ing the occurrence of a microdeletion. Additionally, overlaps of 300 kb were observed in the breakpoint regions
of one inversion carrier with CCCR, indicating the presence of a microduplication. Out of the other 42 CCCR
carriers, 16 cases exhibited microdeletions ranging from 100 kb to 8 Mb within the breakpoint regions. Addi-
tionally, 5 cases showed microduplications ranging from 100 to 400 kb within the breakpoint regions. No copy
number variations (CNVs) were detected in the breakpoint regions of the remaining 21 CCCR carriers (Fig. 2
and Supplementary Table S2). Taken together, 23 out of 45 CCCR carriers (51.1%) were found to have CNVs
larger than 100 kb in their breakpoint regions. We reviewed these CNVs based on the ACMG guidelines (Riggs
et al. 2020) and found that all of them were CNV's of uncertain significance. Out of the 17 CCCR carriers with
microdeletions, 13 cases (76.5%) showed microdeletion regions containing at least one disease-related gene as
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Fig. 1. The patient breakdown, starting with the total number of patients with chromosome structural
rearrangements by karyotyping (n=1,264).

Scientific Reports |

(2024) 14:20705 | https://doi.org/10.1038/s41598-024-70566-5 nature portfolio



www.nature.com/scientificreports/

480kb microdeletion
(n=1)

Inversion CCCR carriers

(n=3) . —
100-400kb microduplication
(n=2)
CCCR carriers | |
(n=45) 100kb-8Mb microdeletion

(n=16)

Balance translocation
— CCCR carriers
(n=42)

100-400kb microduplication
(n=5)

No CNV detected
(n=21)

Fig. 2. Results of CNV analysis of the 45 CCCR carriers.

documented by OMIM (Supplementary Table S2). This finding indicates that microdeletions resulting from
CCCR may increase the vulnerability to genetic diseases for CCCR carriers and their offspring.

CCCRincreases the genetic risk by interrupting more genes in carriers

A total of 2689 breakpoints were identified in 1264 cases of BCR, with 226 breakpoints interrupting disease-
related genes (AR, AD, and others) recorded in OMIM. To assess the genetic risks associated with gene inter-
ruption in carriers of BCR (1219 cases) and CCCR (45 cases), we conducted an analysis of the average number
of interrupted disease-related genes per carrier. Our findings revealed that 1219 BCR carriers exhibited inter-
ruptions in 205 disease-related genes (0.17 genes per carrier), whereas 45 CCCR carriers showed interruptions
in 18 disease-related genes (0.40 genes per carrier) (Table 1).

Structural variation spectrum of CCCRs

In the 45 CCCR carriers, we used mate-pair sequencing to characterize the CCCR in 30 of them. The remaining
15 cases were not subjected to mate-pair sequencing due to the lack of DNA samples. We identified a total of
192 rearrangement breakpoints, with an average of 6.4 (3-25) breakpoints and a maximum of 25 breakpoints.
Fourteen cases showed “extreme” complex rearrangements. Among them, three cases were found to have the most
breakpoints: MD19029 (25 breakpoints) (Fig. 3), MD19079 (18 breakpoints), and MD19237 (16 breakpoints).
On the other hand, our results demonstrated that four cases exhibited fewer breakpoints when analyzed using
mate-pair sequencing compared to characterization by MicroSeq. This may be due to the breakpoints being in
close proximity to the centromere regions (Supplementary Table S3).

CCCR within 1 or 2 chromosomes does not affect the PGT clinical outcomes

The study evaluated the clinical outcome of PGT-SR by calculating the transferable embryo rate, as BCR typi-
cally leads to chromosomal disorders due to meiotic impairment. The cohort was categorized into three groups
based on the complexity of the rearrangements: BCR carriers with 2 breakpoints, CCCR carriers involving only
1-2 chromosomes, and CCCR carriers involving more than 2 chromosomes. Interestingly, there is no significant
difference in the transferable embryo rate between CCCR carriers involving only 1-2 chromosomes and BCR
carriers with 2 breakpoints (31.0% vs. 32.2%, p > 0.05). However, the transferable embryo rate of CCCR carriers

BCR | CCCR

Number of cases 1219 |45
Number of identified breakpoints 2441 | 250
Number of interrupted AR gene 106 11
Number of interrupted AD gene 53 4
Number of interrupted gene of other inheritance pattern 46 3

Total number of interrupted disease-related genes in OMIM 205 18
Average number of interrupted disease-related genes in OMIM per carrier** | 0.17 | 0.40

Table 1. CCCR interrupts more genes in carriers compared to regular BCR. **p<0.001, AD(AD = autosomal
dominant), AR(AR =autosomal recessive).
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Fig. 3. Representative figures of breakpoint characterization of the patient MD19029. (a) Karyotype of
MD19029; (b) MicroSeq analysis of the rearranged chromosomes. Red arrow, predicted breakpoints; (c)
Analysis of mate-pair sequencing results of MD19029.

involving more than 2 chromosomes was significantly lower than that of CCCR carriers involving only 1-2
chromosomes (7.5% vs. 31.1%, p<0.01) (Table 2).

Discussion

BCR is not rare in the general population, with an incidence of balanced translocations occurring in approx-
imately 1 in 500 to 1 in 625 individuals, Robertsonian translations occurring in about 1 in 1000 individu-
als, inversions affecting approximately 1 to 2 in 1000 people, and insertions occurring in around 0.3 in 1000
individuals'®*’. However, complex chromosome rearrangements (CCRs) are extremely rare in the general popu-
lation, while spontaneous miscarriages and developmental abnormalities in offspring resulting from chromo-
somal imbalances are prevalent'”*". Despite occasional case reports of BCR carriers being identified as cryptic

CCCR carriers
BCR carrier (2 breakpoints) 1-2 chromosome (>2 breakpoints) 3 chromosome (>2 breakpoints)

Number of cases 1135 23 9

Number of PGT cycles 1519 27 11

Number of biopsied blastocysts 7742 152 53

Number of PGT analyzed blastocysts 7028 132 53

Number of normal embryos 1118 25 2

Number of carrier embryos 1147 16 2

Number of unbalanced embryos 4763 91 49

Transferable embryo rate** 32.2%* 31.0%* 7.5%"

Table 2. PGT clinical outcomes of BCR carriers and CCCR carries. **p <0.01. *There is no difference between

the two groups labeled as a. *Statistically significant difference was observed between groups labeled as a and
group labeled as b.
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complex chromosome rearrangement (CCCR) carriers'®?>%, there is currently a lack of comprehensive data on
the prevalence of CCCR among BCR carriers. In this investigation, 1264 carriers of BCR were examined using
molecular cytogenetic techniques. The analysis identified 45 cases (3.6%) as CCCR carriers, with 34 cases (75.6%)
showing CCCR exclusively involving BCR-related chromosomes, and the remaining 11 cases (24.4%) involving
other chromosomes as well as the BCR chromosomes. Furthermore, 48.9% CCCR carriers (21 translocation
carriers and 1 inversion carrier, 22/45) exhibit no CNVs, indicating they are apparently balanced chromosome
rearrangement (ABCR) carriers. Our study suggests that CCCR is not rare among carriers of BCR, with the
majority of CCCRs being intricate rearrangements involving only BCR-related chromosomes, and maybe only
half of them are ABCRs.

CCCR is very common in cancers. The mechanism of CCCR formation is very complex. It may result from
chromoanagenesis, a process of chaotic shattering and restructuring of chromosomes. Chromoanagenesis may
give rise to stable and heritable complex chromosomal rearrangements (CCCRs). These CCCR events often
involve extensive chromosome breakage, frequently accompanied by copy number variations (CNVs). Chromo-
some breakage can result from mitotic failure or other stress, leading to the random reassembly of fragmented
chromosomes in complex configurations®.

The characteristics of de novo CNV flanking sequences indicate potential mechanisms for CNV, including
breakage-fusion-bridge cycles (BFB), non-homologous end joining (NHE]), non-allelic homologous recom-
bination (NAHR), microhomology-mediated end joining (MME]), microhomology-mediated break-induced
replication (MMBIR), and fork-stalling and template switching (FoSTeS)*. Our previous study showed that 54%
of rearrangement breakpoints of BCRs had 1-8 bp of microhomologous sequence at the breakpoints, and 30%
of chromosome breaks of BCRs were blunt end junctions, indicating that MMBIR and NHE] were the main
mechanisms of BCR. Furthermore, we previously observed that BCR is typically not associated with larger CNVs
in proximity to chromosomal breakpoints*. However, this study showed that 51.1% of CCCR carriers exhibited
CNVs larger than 100 kb at the sites of chromosome breakage. Our results suggest that the mechanism of CCCR
formation may be more complex than that of BCR.

Gene disruption is a common outcome of chromosomal rearrangements caused by chromosomal breaks.
Our previous investigation revealed that 45.9% of balanced translocations result in gene disruption®. The study
uncovered that CCCR not only induces a higher frequency of gene breaks in carriers, but also frequently coin-
cides with chromatin loss near the chromosome break site. This occurrence may result in haploinsufficiency
of these individual genes in CCCR carriers, indicating that CCCR might contribute to increased genetic risks.
Several case reports have demonstrated that individuals with CCRs suffer from genetic diseases caused by chro-
mosome breakage'>?. Therefore, when assessing the genetic risk for offspring of CCCR carriers, it is essential
to comprehensively consider both the gene disruption resulting from chromosomal breakpoints and the CNV
caused by CCCR. CCCR carriers should be advised to undergo testing for pathogenic mutations in the cor-
responding genes of their spouses to accurately evaluate the risk of their offspring developing related genetic
diseases if they are also CCCR carriers.

This study uncovers instances where disease-associated genes disrupted by balanced chromosomal rear-
rangements (BCRs) do not manifest any phenotypic anomalies. When a BCR disrupts the AR gene while the
other allele remains intact, the individual will display a normal phenotype. Furthermore, individuals with BCR-
disrupted AD genes exhibited normal phenotypes in this investigation. Potential explanations include the deg-
radation of truncated proteins, the lack of dosage sensitivity in certain genes, and the onset of diseases resulting
from truncation mutations in specific genes showing late-onset or incomplete penetrance. It is noteworthy that
case MD19051 involves an 8 Mb BCR-caused deletion at 4p15.33p15.2. According to the ACMG guidelines, the
CNV score is only 0.6, indicating it is a variant of uncertain significance (VUS). Follow-up assessments identified
mild learning difficulties in the patient. Nevertheless, the connection between the patient’s learning challenges
and the CNV remains undetermined.

Our research suggests that MicroSeq can reliably determine the CCCRs that involve BCR-related chromo-
somes. However, MicroSeqs limitation in evaluating only chromosomal breakage sites hinders the accurate
assessment of CCCR patterns and the detection of CCRs that are not related to chromosome rearrangements
in BCR carriers. Hence, a more precise CCCR assessment using genome-wide detection techniques is essential.
Previous studies have shown that mate pair sequencing, Bionano technology, and long-read sequencing technique
can accurately determine CCCR at the whole-genome level****?°. Our study shows that mate pair sequenc-
ing can effectively identify the presence of most CCCRs throughout the genome, along with the orientation
of CCCR rearrangement fragments. However, its detection capability is diminished in regions with complex
genome sequences, particularly those proximal to the centromere. Our previous study has also demonstrated
the limited capacity of long-read NGS technology in detecting chromosomal rearrangements within intricate
genomic sequences. This requires a careful approach when interpreting results obtained from these techniques
for detecting chromosome rearrangements.

CCR carriers are not recommended for natural pregnancy due to their high tendency to produce imbalanced
gametes. Reproductive solutions suitable for CCR carriers include preimplantation genetic testing. Existing
literature indicates that the clinical outcomes of PGT for CCR carriers are significantly poorer compared to
those of BCR carriers'’. This study unexpectedly discovered the presence and frequency of CCCR in carriers of
BCR. CCCR can be categorized as those exclusively involving BCR-related chromosomes and those involving
chromosomes not related to BCR. Our study suggests that there is no statistically significant difference in PGT
clinical outcomes between carriers of CCCR involving only BCR-related chromosomes and BCR carriers. How-
ever, carriers of CCCR involving other chromosomes exhibit significantly worse PGT clinical outcomes. These
results indicate that the fertility outcomes of CCCR carriers are associated with the number of chromosomes
involved in CCCR, rather than the complexity and number of breakpoints on the same chromosome.
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While MicroSeq technology accurately detects the presence of CCCR near the chromosomal breakpoint of
BCR carriers, it is unable to identify CCCR in other areas of the genome. Furthermore, given the low incidence
of CCCR, there is a requirement for extensive multicenter data to precisely assess the prevalence of CCCR in
BCR carriers. Likewise, while our study did not identify any statistically significant difference in PGT clinical
outcomes between CCCR carriers with exclusively BCR-related chromosomes involved and BCR carriers, this
conclusion requires validation with a larger sample size.

Nevertheless, our study indicates that CCCR is not rare in carriers of BCR identified by karyotyping, and
they potentially present an increased genetic risk. The fertility outcomes of carriers with CCCRs involving only
BCR-related chromosomes are similar to those of BCR carriers. However, if CCCR involves chromosomes other
than BCR, the fertility outcomes of such carriers will significantly deteriorate. The accurate identification and
analysis of CCCR is beneficial for evaluating genetic risk and selecting assisted reproduction techniques for
CCCR carriers.

Materials and methods

Study subjects

All methods were performed in accordance with the relevant guidelines and regulations. The study was conducted
after approval by the Reproductive and Genetic Hospital of CITIC Xiangya Ethics Committee (LL-SC-2019-021)
and informed consent was obtained from the BCR carriers, including 1225 cases of balanced translocations, 37
cases of inversions, and 2 cases of insertions. Robertsonian translocations were excluded from this study. All
BCR carriers experienced infertility, either primary or secondary, and/or spontaneous abortion after marriage,
without any substantial phenotypic abnormalities being observed in their clinical records.

Genomic DNA preparation

Genomic DNA from the patients’ peripheral blood was extracted using Qiagen Blood DNA Kit (Qiagen) accord-
ing to the manufacturer’s instructions. The quality and quantity of the extracted DNA were assessed using
NanoDrop 1000 Spectrophotometer and agarose gel electrophoresis.

Modified MicroSeq technique

G-banded karyotyping was conducted. The current version of the International System for Human Cytogenomic
Nomenclature (2020) was used for karyotype designation. Chromosome microdissection-based next-generation
sequencing (MicroSeq) was conducted as previously described with specific modifications®. Briefly, 10 uL of
nucleic acid-free sterilized water was added to the split phase region before chromosome microdissection. After
the chromosome microdissection, either the PicoPLEX or WGA4 kit were utilized to simplify the amplification
process. For the construction of the sequencing library, the Ion Xpress™ Plus Fragment Library Kit from Thermo
Fisher Scientific was employed, following the manufacturer’s provided instructions. Subsequently, the library
DNA underwent amplification using the Ion PGM™ Template OT2 200 Kit (Thermo Fisher Scientific), which
was conducted for a duration of 5.5 h as per the manufacturer’s reccommendations.

Mate-pair sequencing

In order to obtain large fragments of 2000-5000 bp DNA, 1.0 ug genomic DNA was subjected to ultrasonic treat-
ment in a Covaris M220 focused ultrasound instrument according to the manufacturer’s operating procedures.
AMPure XP beads (Agencourt, CA, USA) were used to select DNA fragments between 2000 and 3000 bp. Then,
the DNA fragments were subjected to end repair and 3’-terminal labeling with biotinylated nucleotides. The
repaired DNA fragments were subsequently selected by 0.6% trillion base agarose gel electrophoresis.

To constructing a paired-end library, the 2-3 kb DNA fragments are cyclized through intramolecular
ligation®'. Any remaining linear molecules are removed by DNA exonuclease treatment. Circular DNA frag-
ments were cut again using the Covaris S2 to produce fragments of 350 bp. Then, the streptavidin-coated mag-
netic beads were used to purify the biotinylated fragments. These fragments are subjected to end repair and A
tailing to prepare for the connection to Illumina paired end oligomer adapters. Agilent Bioanalyzer DNA 2100
Kit (Agilent, California, USA) and Qubit 3.0 (Invitrogen, Carlsbad, California, USA) were used to ensure the
quality of the constructed library. Finally, the Illumina NovaSeq platform is used for large-scale parallel sequenc-
ing of the libraries.

Preimplantation genetic testing—structural rearrangements (PGT-SR)

Preimplantation genetic testing—structural rearrangements (PGT-SR) was performed as previously described™®.
Briefly, antagonists protocol was utilized for controlled ovarian stimulation. After oocyte retrieval, all eggs were
fertilized by intracytoplasmic sperm injection (ICSI). All embryos were cultured in sequential media (G1 and G2,
Vitrolife, Goteborg, Sweden) to the blastocyst stage. Approximately 3-8 trophectoderm (TE) cells were aspirated
using a biopsy pipette with a 30-um internal diameter and dissected with a Zilos TK laser (Hamilton Thorne,
MA, USA). Biopsied TE cells were then used for whole genome amplification (WGA) via multiple displacement
amplification with a REPLI-g Single Cell Kit (Qiagen, Valencia, CA). NGS and comprehensive chromosomal
screening was then performed as previously described™.

Statistical analysis
Categorical variables were presented as percentages and compared using chi-square tests. P<0.05 was consid-
ered statistically significant. Analyses were performed using the SPSS Statistics version 26 software (IBM SPSS).
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Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding
author on reasonable request.
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