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SVseq discloses the genomic complexity gkl

of different prenatal, de novo, apparently
balanced chromosome rearrangements
detected by CMA and karyotype
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Abstract

Background Balanced chromosomal rearrangements (BCRs) are common structural variations (SVs), but only a small
number of individuals with BCRs exhibit abnormalities. To better understand the different phenotypes in children
diagnosed with BCRs during the prenatal period, we plan to thoroughly investigate the SVs and evaluate their patho-
genicity in five children with BCRs.

Methods Five children with BCRs detected through karyotyping and chromosome microarray analysis (CMA) dur-
ing prenatal diagnoses were analyzed using SVseq technology. A mate-pair library was sequenced on the DNBSEQ-T7
platform. Copy number variations (CNVs) and SVs were then analyzed with paired-end sequencing files. Furthermore,
we performed whole-genome sequencing (WGS) on case 4 at a coverage rate of 30X. The pathogenicities of the find-
ings were evaluated according to the American College of Medical Genetics (ACMG) guidelines. Clinical examinations
and follow-up assessments were also carried out for these children.

Results The results from the SVseq analysis indicated the presence of BCRs in two cases, while the other three exhib-
ited complex chromosomal rearrangements (CCR). Overall, the SVs identified in all five children led to gene disrup-
tions. Cases 1, 2, 3, and 5 affected either an autosomal recessive (AR) gene or a non-loss-of-function (non-LOF) autoso-
mal dominant (AD) gene; notably, no abnormal phenotypes were observed in these four cases during the follow-up
period. In contrast, Case 4 involved a pathogenic disruption of the CYLD gene and showed clinical abnormalities,
including developmental delays in intelligence, language, and motor skills. Additionally, this case was analyzed using
WGS (30X), excluding other pathogenic or likely pathogenic SNVs/Indels that could explain the patient’s abnormal
phenotype.

Conclusion The SVseq method has a higher positive detection rate for BCRs than conventional techniques. It is cru-
cial to provide BCR individuals, especially fetuses, with SV validation, genetic counseling, and clinical evaluation.
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Background

Balanced chromosomal rearrangements (BCRs) are rela-
*Correspondence: tively common structural variations in clinical settings.
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China sent normal phenotypes; however, a small percentage
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may exhibit abnormal. Jacobs PA reported that 6% of
prenatal patients with BCRs show abnormal phenotypes
[4]. Furthermore, 30% to 50% of newly identified BCRs
are estimated to be abnormal phenotypes [5, 6]. Com-
plex chromosomal rearrangements (CCRs) with three or
more breakpoints are associated with a higher prevalence
of abnormal phenotypes than simple BCRs, and the more
chromosomes or breakpoints involved, the greater prob-
abilistic the abnormality and the more severe the symp-
toms [7].

Conventional methods for identifying BCRs have
their limitations. Karyotyping has low resolution and
is unable to detect submicroscopic rearrangements.
Chromosomal Microarray Analysis (CMA) can identify
abnormal increases or decreases in genome copy num-
ber but cannot detect balanced rearrangements such as
inversions or translocations. Furthermore, whole exome/
whole genome sequencing (WES/WGS) is constrained by
short-read lengths and is ineffective in detecting struc-
tural variation, particularly long-distance rearrange-
ments. Therefore, clinical detection of SVs, such as BCRs,
inversions, and CCRs, remains challenging.

The phenotypic normality of fetuses with BCRs, identi-
fied through CMA and karyotype analysis during prena-
tal diagnosis, remains uncertain at birth. To thoroughly
assess the pathogenicity of BCRs and potential clini-
cal implications, we analyzed copy number variations
(CNVs) and SVs in five children who had BCRs identified
prenatally through karyotype and CMA. For this analy-
sis, we utilized SVseq technology. Additionally, we con-
ducted clinical examinations and follow-up assessments
with these children after their birth.

Methods
Subjects
Five children, four boys and one girl, were aged between
105 days and four years and three months. We conducted
clinical examinations and routine follow-ups for child-
care. Four children(Case 1, 2, 3, 5) appeared apparently
healthy, while the other (Case 4) exhibited an abnormal-
ity. During prenatal diagnosis, these fetuses were diag-
nosed with de novo BCRs by karyotype and CMA same
as previous methods [8], including de novo balanced
chromosome translocations (BCTs) in four cases and
BCRs in one case (details in Table 1). Additionally, their
ultrasound examinations did not show any abnormalities.
Case 4 was a three-year-old girl who was stunted,
short, and thin. Her height was 89.6 cm (5 th percen-
tile) and her weight was 11.8 kg (5 th percentile). She
presented with distinctive facial features, including a
prominent forehead, wide-set eyes, sunken eye sockets,
a flat nose bridge, a short nose-lip-distance, thin and
short eyebrows, and epicanthus. Additionally, she had
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patches of thin and thick hair on her back. Her mother
stated that the child tended to scratch her face, leading to
visible scratches. The girl experienced delayed language
development; her speech was unclear, primarily consist-
ing of short words such as"dad"and"mom."Furthermore,
she faced difficulties with feeding, often consuming only
small amounts of food, and she had an allergy to eggs.
She began walking at the age of 2. By age 3, she could
walk slowly and smoothly and run unsteadily but could
not jump. Laboratory tests indicated normal thyroid
function, blood cell counts, and a 25-OH vitamin D
level. Her insulin-like growth factor 1 (IGF-1) level was
62.70 ng/mL (reference range: 18-172 ng/mL), while
insulin-like growth factor binding protein 3 (IGFBP-3)
level was 5.18 pg/mL (reference range: 0.9-4.3 pg/mL).
Iron metabolism tests showed normal levels of ferritin,
serum iron (Fe), and transferrin (TRF); her iron satura-
tion was 17.6%, below the reference range of 20-55%.
The total iron binding capacity (TIBC) was 73.7 umol/L,
higher than the reference range of 45-72 pumol/L. Three
years ago, the mother underwent a prenatal diagnosis at
18 weeks and 4 days due to an increased nuchal trans-
lucency (NT) value of the fetus. Karyotype analysis of
the amniotic fluid cells showed de novo BCRs, while no
abnormalities were found in the chip analysis using the
180 k aCGH + SNP Chip (Agilent Technologies). A cesar-
ean section was performed at 39 weeks after the mother
experienced a decrease in amniotic fluid at 37 weeks.
Neither the mother nor the father has a family history of
genetic disorders or consanguinity; however, the mother
had a history of paint exposure before and during her
pregnancy, and the father did not quit smoking.

Specimen preparation

Genomic DNA was extracted from EDTA-Na2 anti-
coagulated blood using the QIAamp DNA Mini Kit
(QIAGEN, Germany), following the manufacturer’s
instructions. The DNA was assessed for quality, with a
concentration exceeding 20 ng/pL and an absorbance
ratio (A260/A280) between 1.8 and 2.0, as measured with
a Nanodrop 1C ultraviolet spectrophotometer (Thermo
Fisher Scientific, USA).

All procedures in this study followed the principles of
the Helsinki Declaration and received approval from the
institutional review board of Sichuan Provincial Women’s
and Children’s Hospital. Informed consent was obtained
from all guardians before the collection of clinical data
and samples.

SVseq analysis

We analyzed the genomic DNA of five BCR blood sam-
ples using SVseq. First, we created a mate-pair library
with the MP Library Prep Kit from GeneTech Co., Ltd,
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Shanghai, China [9, 10]. Afterward, we performed
sequencing in PE150 mode on the DNBSEQ-T7 plat-
form (MGI) with an average target coverage of >5x.
After obtaining the raw data, we compared high-quality
paired reads with the NCBI Human reference Genome
(GRCh37) using BWA, following the removal of sequenc-
ing splice-containing and low-quality reads. Pair-reading
was employed to identify all chromosome CNVs and SVs.

WGS (30X) analysis

The data was analyzed using the Verita Trekker® muta-
tion site detection system and the Enliven® mutation site
annotation interpretation system, developed indepen-
dently by Berry Gene. Single Nucleotide Variants (SN'Vs)
and Insertions/Deletions (InDels) were screened based
on clinical phenotypes or genes associated with specific
diseases, utilizing public databases such as HPO, OMIM,
and GHR. The analysis followed the guidelines estab-
lished by the American Society for Medical Genetics and
Genomics (ACMG) [11].

Sanger Sequencing and breakpoints validation

To pinpoint the exact location of the breakpoints, we
designed gene-specific primers using Primer 6 based on
the initial breakpoint location obtained from SVseq (see
Table 2). These primers were synthesized by Shenggong
Biotechnology Co., LTD (Shanghai). The PCR products
were subsequently sequenced using Sanger sequencing
with an ABI-A3130 gene analyzer. The exact breakpoints
were identified by comparing both ending sequences of
the breakpoints in the gene bank.

Pathogenicity assessment and clinical follow-up

The pathogenicities of structural variation were assessed
based on the ACMG guidelines [11]. We performed
clinical examinations and follow-ups for the children
involved in the study. The follow-up periods ranged from
a minimum of 100 days to a maximum of 4 years and 3
months. Clinical phenotypes were evaluated thoroughly
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using clinical assessments and relevant laboratory results
related to childcare indicators.

Results

Results of structural variation detection

The SVseq test provided additional insights into the chro-
mosome karyotype of the five BCR children, as shown in
Table 1. Among these cases, three (Case 1, Case 4, and
Case 5) were classified as CCRes, as illustrated in Figs. 1,
3, and 4. The remaining two cases were balanced translo-
cations between chromosomes 4 and 8 (Case 2, Fig. 2a),
and chromosomes 12 and 13(Case 3, Fig. 2b), resembling
their karyotypes.

In Case 1 (Fig. 1), the SVseq results revealed translo-
cations involving chromosomes 1 and 9. Specifically,
the translocated fragment of chromosome 1, spanning
from 1p22.2 to 1p22.1 (chrl:91,139,281-92,220,091),
was inverted. This structural variation involved three
breakpoints, and one of the breakpoints located at
9q31.1 (chr9:102880213) disrupted the INVS gene,
which is associated with autosomal recessive (AR) infant
nephropathy type 2.

In Case 4, the karyotype revealed a complex, balanced
rearrangement involving four chromosomes, denoted
as 46, XX, ins(2;16)(p13;q12q24),t(2;5)(q23;p15.1),t(2;8)
(p13;p22) dn (see Fig. 3a). The SVseq results indicated
that the CCRs involved four chromosomes, including a
complex rearrangement of chromosome 12 accompa-
nied by two microdeletion fragments (chrl2: 33204296—
33214293, chrl2: 62733777-62963184). Additionally,
there were complex translocations among chromosomes
2, 5, and 16 (refer to Fig. 3b). Notably, the breakpoint
at chr2: 65629712 affected the SPRED2 gene (OMIM:
609292), which is associated with AR Noonan syndrome
type 14 (OMIM: 619745). Furthermore, the breakpoint
at chrl6: 50800833 disrupted the CYLD gene (OMIM:
605018), which is linked to haploinsufficiency effects
related to several autosomal dominant syndromes,
including Brooke’s Spiegler syndrome. The affected
girl’s facial features (illustrated in Fig. 3c) included a

Table 2 Sequence of Sanger sequencing primers for verifying breakpoints in gene regions

Case Location Forward primer Reverse primer Gene involved

1 chr9-chr1, 102880213-91134406 TGAGACAGAGTCTCGCTCT GCTGTGAATTCAACACTCAGGT INVS

2 chr8-chr4, 120829658-82301340 CCTGAGACAGAGGTCCTTACG AGGATCAATGATTTAGAGGCTGCT TAF2

3 chr13-chr12, 22256106-25214064 GACTCATGTGTGTCTGCCCA ACCCACAACCCAATTTTCCTTC FGF9

4 5'chr2:155914861-155915361(Reverse), GGAACACAGGTTTCATCACCAG CACGTGAACATGTTCTAGGGC SPRED?2
3'chr2:65629712-65630212

4 5'chr16:50800270-50800770, ATACATTCTGTAAGGCTGCCA GCTGATCTGTCCAAGGTTTTG CYLD
3'chr5:30709364-30709864(Reverse)

5 chr6:52438625-chr6:116729330 TCCTGGCTGAAGAGCGGGTAAC GTTAGCTCACAAGTTTGGCTCAT DSE
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Fig. 1 Complex chromosomal rearrangements (CCR) detected by SVseq in Case 1.a This schematic diagram illustrates the CCR identified

by SVseq in Case 1. The results of the SV sequencing indicated translocations between chromosomes 1 and 9, resembling the karyotype of t(1;9)
(1p22.2,9931.1) (not shown). Additionally, the translocation fragment of 1p22.2-1p22.1 (chr1:91,139,281-92,220,091) was inverted. This structural
variation involved three breakpoints, with one at 9931.1 (chr9:102880213) disrupting the INVS gene, which is associated with AR infant nephropathy
type 2. b The Integrated Genomics Viewer (IGV) visualization of the BAM file shows the fragments disrupting the protein-coding gene INVS. The
colorful regions represent the mismatched sequences of the target regions

(YL

mvs

prominent forehead, wide-set eyes, sunken eye sockets, a  shown in Figs. 5b and d. Furthermore, the WGS (30X)
flat nose bridge, a short distance between the nose and  results for Case 4 ruled out pathogenic or likely path-
lip, thin and short eyebrows, and epicanthus. ogenic variants in SNVs and Indel-related genes that
The karyotype described as 46, XY, inv(6) could account for the patient’s abnormal phenotype.
(p11.2g21),%ins(7;6)(p15;q21q23) indicates a complex,
balanced rearrangement involving two chromosomes in
Case 5 (Fig. 4a). The SVseq results (Fig. 4b) revealed a  Pathogenicity assessment and clinical follow-up results
complex rearrangement comprised of 14 breakpoints on  The pathogenicity assessment conducted by ACMG
chromosomes 6 and 7, affecting the protein-coding genes  indicated that the breakpoint at chr16:50800833 in
CIGALTI1, MIOS, RPA3, TRAM2, and DSE. Notably, the = Case 4 represented a pathogenic variant, which could
DSE gene is linked to AR Ehlers-Danlos syndrome type  potentially impact the function of the CYLD gene.
2, associated with muscle contraction (OMIM: 615539). Consequently, the patient displayed abnormal clinical
All five cases destroyed the relevant genes. The junc-  phenotypes. In contrast, the clinical significance of the
tions were confirmed through Sanger sequencing. The other four cases was classified as variants of uncertain
verification results for Case 4, which involved the genes  significance (VUS), and follow-up results revealed no
SPRED2 (Fig. 5a) and CYLD (Fig. 5c), were consist- abnormalities (Table 1).
ent with the breakpoints identified by WGS (30X), as
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Fig. 2 Balanced translocations determined by SVseq in Cases 2 and 3. This schematic diagram illustrates the balanced translocations

identified by SV sequencing in Cases 2 and 3 (Fig. 2a, b). The results revealed balanced translocations between chromosomes 4 and 8 in Case 2
and between chromosomes 12 and 13 in Case 3, which aligns with their respective karyotypes. Figures 2c-e show IGV visualizations of fragments
that disrupt the protein-coding genes TAF2 in Case 2 (Fig. 2c) and FGF9 and IRAG2 in Case 3 (Fig. 2d, e)

Discussion

Some patients with BCRs have cryptic imbalances that
cannot be identified due to the low resolution of con-
ventional karyotyping, which ranges from 5 to 10 Mb.
Consequently, the actual occurrence of chromosomal
translocations and inversions is much higher than the
estimated rate of 0.16—0.2% reported in G-band karyo-
type analysis [12]. CMA and CNVseq are more effective

in identifying submicroscopic chromosomal imbalances
than traditional cytogenetic techniques [13]. The array
CGH technique has revealed that about 30-50% of
patients present with microdeletions. Both de novo
cases (48.5%) and familial cases (28.6%) exhibit these
imbalances [14]. Research indicates that CMA technol-
ogy enhances the detection rate of genetic aberrations
in patients with mental retardation (MR) from 5% to
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Fig. 3 CCRIdentified by SVseq in Case 4. The karyotype and SV result pattern diagram of Case 4 revealed a complex, balanced rearrangement
involving four chromosomes, depicted as 46, XX, ins(2;16)(p13;912024),t(2;5)(q23;015.1),t(2;8)(p13;p22) dn (Fig. 3a). The SVseq results further
indicated that the chromosomal rearrangements involved four chromosomes. This included a complex rearrangement of chromosome 12,
accompanied by two microdeletion fragments (chr12: 33204296-33214293, chr12: 62733777-62963184), as well as complex translocations
between chromosomes 2, 5, and 16 (Fig. 3b). The breakpoint on chromosome 2 (chr2: 65629712) affected the SPRED2 gene (OMIM: 609292), which
is associated with AR Noonan syndrome type 14 (OMIM: 619745). Meantime, the breakpoint on chromosome 16 (chr16: 50800833) disrupted

the CYLD gene (OMIM: 605018), leading to haploinsufficiency. The orientation of the derived chromosomes is indicated by the illustrated line,

with breakpoints listed in the lower right corner of the diagram. The affected girl exhibited distinctive facial features (Fig. 3¢), including a prominent
forehead, wide-set eyes, sunken eye sockets, a flat nose bridge, a short distance between the nose and lip, thin and short eyebrows, and epicanthus.
The IGV visualization shows the fragments disrupting the protein-coding genes CYLD and SPRED2 (Fig. 3d, e)

approximately 17% [15]. Shaw-Smith et al. [16] have sug-
gested that unbalanced translocations should be ruled
out first when BCR individuals present with an abnor-
mal phenotype. In this study, SVseq detected imbalanced
rearrangements not identified by karyotyping or CMA in
Cases 4 and 5.

For balanced rearrangements, such as balanced trans-
locations and inversions, CMA/CNVseq is unable to
detect these changes [17]. Therefore, we utilize SVseq
technology, based on the mate-pair strategy [18, 19], to
comprehensively gather information about rearrange-
ments, including balanced translocations and inversions
[20]. SVseq offers a higher detection rate for chromo-
somal structural variations comparing traditional meth-
ods like CMA/CNVseq [10, 21], especially for cryptic
chromosome rearrangements, complex rearrangements,
and balanced rearrangements that cause gene destruc-
tion [22]. However, SVseq has limitations in detecting
highly repetitive regions, Robertsonian translocations,
and inter-arm inversions of chromosome 9. In case 4
of this study, SVseq failed to identify a breakpoint on

chromosome 8, and IGV software did not detect a similar
breakpoint in the BAM file generated from WGS(30X).
Meanwhile, karyotype analysis indicated a translocation
on chromosome 8. We hypothesize that the junction lies
within the telomere region at 8pter, where highly repeti-
tive sequences are not detectable by short-read sequenc-
ing methods. This situation underscores the importance
of jointly analyzing multiple technologies.

Balanced rearrangements can also influence gene func-
tion through various mechanisms, such as dose-sensi-
tive gene disruption [23], the formation of new fusion
genes, the effects of structural disruption on gene loca-
tion [24], or the exposure of recessive variants [25]. In
our study, four cases—Case 1, Case 2, Case 3, and Case
5—showed evidence of gene destruction. However, no
abnormal phenotypes were observed during the follow-
up period. This lack of observed abnormalities may be
linked to the disruption of one allele of the AR gene or
the presence of non-loss-of-function alleles of the AD
gene. The pathogenic effects of genes or their regula-
tory elements caused by a translocation might not be
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apparent at birth unless there are specific pathologi- the risk of neurodevelopmental and/or neuropsychiat-
cal conditions with clear clinical features. Halgren et al.  ric disorders for de novo translocations identified dur-
demonstrated that after an average follow-up of 17 years, ing pregnancy—with regular first-trimester screening
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and ultrasound—rose to 27% in a study of 41 individuals,
a significantly higher frequency than a matched control
group [26]. In the subsequent follow-up, we will continue
to evaluate the risk of neurodevelopmental and/or neu-
ropsychiatric disorders in these children. In the results
from these five cases, several genes exhibited breaks and
reconnections, suggesting the possibility of fused genes,
although these have not yet been analyzed. Next, we will
verify these potential fusion genes and research relevant
functions.

Recent advancements in detection methods and
higher-resolution imaging have revealed that some cases
previously classified as balanced chromosomal rearrange-
ments (BCRs) may be CCR. Most patients diagnosed
with de novo balanced CCR shortly after birth present
with multiple congenital abnormalities, intellectual dis-
abilities, and developmental delays. However, a few indi-
viduals may appear apparently healthy in early life but
later face issues such as infertility, recurrent miscarriages,
low fertility, oligospermia, or azoospermia in adulthood
[27]. The risk of abnormalities increases with the com-
plexity of genome rearrangements, particularly when
more chromosomes or breaks are involved. Research
indicates that balanced CCR is extremely rare, especially
during the prenatal periods. In a retrospective study of
60 cases with a prenatal diagnosis of"balanced"complex
translocations, it was found that 27 cases were confirmed
as de novo CCR after birth [7]. Additionally, many of
these cases were linked to multiple congenital abnormali-
ties, intellectual disabilities, or both. Studies have also
shown that some BCR patients have unexpected genomic
complexity and instability [28], with additional candi-
date pathogenic CNVs near the translocation breakpoint
[5, 29] or complex rearrangements with multiple break-
points [30].

In our study, despite the genomic complexity revealed
in cases 1, 4, and 5, only case 4 showed the potential
genotype—phenotype correlation involving the disrup-
tion of the CYLD gene. Case 1 exhibited three junctions
involving translocation and inversion. Case 5 presented
with 14 junctions related to chromosomes 6 and 7. In
case 4, a complex rearrangement involving up to 22 junc-
tions was observed on chromosomes 2, 5, 12, and 16.
The breakpoint of this case led to the pathogenic dis-
ruption of the CYLD gene, which had a HI score of 3.
The follow-up indicated that the girl in case 4 displayed
a significantly abnormal clinical phenotype, primar-
ily characterized by global developmental delays that
affected both her motor and language skills, as well as
severe intellectual disability. Defects in the CYLD gene
can cause various syndromes inherited in an autosomal
dominant pattern, including Brooke’s Spiegler syndrome
(BRSS, OMIM 605041), familial cylindromatosis (OMIM
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132700), multiple familial trichoepithelioma type 1
(MFT1, OMIM 601606), and frontotemporal demen-
tia with amyotrophic lateral sclerosis type 8 (FTDALSS,
OMIM 619132). The first three syndromes are associated
with tumors. Given the young age of the patients in this
study, no tumor-related clinical phenotypes have been
observed so far. However, the serum level of Neuron Spe-
cific Enolase (NSE), a marker often linked to tumors, was
elevated. It is still uncertain whether this high NSE level
indicates a pre-tumor condition, so we plan to continue
monitoring it. While FTDALSS is linked to a phenotype
of mental retardation, no cases of infantile-onset similar
to that of our patient have been documented. The aver-
age coverage rate of SVseq is 5X, which might miss addi-
tional SNV/indel. Therefore, we performed additional
sequencing using WGS at coverage of 30X, and the result
ruled out other pathogenic or likely pathogenic SN'Vs and
indels that could explain the patient’s abnormal pheno-
type. Based on these findings, we hypothesize that the
disruption of the CCR, particularly in the CYLD gene, is
the primary cause of the observed abnormal phenotype.
However, it is crucial to investigate further the possibil-
ity of potential fusion genes or other pathogenic factors,
including epigenetic influences.

For parents, if your child is found to have a de novo
BCR or CCR, we recommend that you pursue a com-
prehensive clinical evaluation and genetic counseling. It
is essential to assess the pathogenicity of this structural
variation, including whether the observed BCR is indeed
a true BCR and whether the breakpoints disrupt any
relevant functional genes, even if the genome appears
balanced.

Conclusions

The conventional methods currently used for BCR detec-
tion have several limitations. The SVseq technique shows
a significantly higher positive detection rate for copy
number variations (CNVs) and structural variations
(SVs) comparing these traditional methods. In our study,
among five fetuses previously diagnosed with BCRs
through routine prenatal methods, four children showed
no abnormalities during the clinical examination and
evaluation after birth. However, one child (Case 4) exhib-
ited an abnormal phenotype, including global devel-
opmental delays in motor skills, language, and severe
mental retardation. Using SVseq, we further analyzed
their CNVs and SVs and assessed their pathogenicity
according to the ACMG guidelines. Among the findings,
four cases (Case 1, 2, 3, 5) were classified as variants of
uncertain significance (VUS), while Case 4 displayed a
pathogenic structural variation in the CYLD gene after
excluding other pathogenic or likely pathogenic SNV/
Indel that could account for the patient’s abnormal
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phenotype through whole genome sequencing (WGS) at
30X coverage. The current diagnosis of abnormal BCRs
primarily relies on postnatal examinations, making it
challenging to accurately assess clinical outcomes in BCR
fetuses, particularly for abnormalities not detectable
through imaging. Our results highlight the importance
of selecting an appropriate detection method to validate
the pathogenicity of BCRs identified through standard
procedures, especially for fetuses with abnormalities that
imaging cannot detect. Additionally, genetic counseling
plays a crucial role in identifying potential causes of path-
ogenicity and predicting clinical outcomes for individuals
with BCRs.
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