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Introduction

As high-throughput next-generation sequencing (NGS) is 
becoming more and more recognized in routine diagnostics, 
there are an increasing number of novel rare variants, which 
are either not registered in locus-specific databases or clini-
cally not interpreted. These variants with uncertain signifi-
cance (VUS) pose challenge to genetic counseling and clinical 
managements [1,2]. Regarding BRCA1/2 genes, it is recom-
mended to report VUS in the clinical genetics test records by 
the European consensus statement and expert recommen-
dations [3]. However, VUS should not be used for medical  
decisions (surveillance, treatment, or preventive measures) 
or for predictive testing in relatives at risk; therefore, patients 
harboring such genetic alterations cannot benefit from the  
mutation-based therapies. This explains the strong demand 
to assert these variants into definite pathogenic or benign 
clinical categories aided by various gene-based functional 
studies. The American College of Medical Genetics and 
Genomics (ACMG) elaborated the standards and guidelines 

for the interpretation of sequence variants through the syn-
thesis of categorical evidence [4]. According to these guide-
lines, well-established functional studies, for example, mR-
NA-level tests examining these variants’ possible adverse 
effects on splicing may promote their pathological assertion. 
In the further assessment of the clinical relevance of VUS, 
variant-phenotype co-segregation in the family by clinical 
geneticists, potential loss-of-heterozygosity testing or func-
tional in vitro assays represent important landmarks [2,4].

Germline pathogenic variants of the BRCA1 and BRCA2 
genes account for 15%-20% of hereditary breast and ovarian 
cancer (HBOC) cases and represent the main genetic cause of 
hereditary familiar tumors of these types [5]. The Evidence-
based Network for the Interpretation of Germline Mutant 
Alleles (ENIGMA) Consortium [6] registers and curates 
BRCA1/2 variants in the BRCA Exchange database [7]. The 
consortium assembles genetic and clinical information origi-
nating from international expert laboratories in order to cat-
egorize these variants based on gene-specifically calibrated 
criteria (ver. 2.5.1, 29 June 2017). Another valuable repository 
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for annotated BRCA1/2 variants is the LOVD (Leyden Open 
Variation Database, https://grenada.lumc.nl/LSDB_list/ 
lsdbs), especially that, curated by HCI/Tavtigian (http://hci-
exlovd.hci.utah.edu/home.php). Still, a substantial amount 
of BRCA1/2 variants fall into the VUS category, approxi-
mately 5%-10% of patients who undergo genetic testing of 
BRCA1 and BRCA2 receive a result reporting a VUS [8]. The 
most VUS are extremely rare or not even registered in popu-
lation databases. Our department has performed routine 
genetic testing of HBOC families for germline mutations of 
BRCA1/2 genes with NGS techniques for over 6 years. Dur-
ing this period, we tested 3,568 probands, whose personal 
and/or family history of tumors conformed to the criteria 
of the relevant National Comprehensive Cancer Network 
(NCCN) guidelines for genetic testing [9]. In the course of 
the genetic diagnostic workflow, we regularly detected vari-
ants, which were either clinically not reviewed in the proper 
locus-specific databases, or their functional assessment was 
conflicting, so we regarded them as VUS. Besides VUS, 
variant classification is a dynamic process, and previously 
classified variants sometimes need periodic reevaluation. 
The knowledge base for variant classification is continu-
ously increasing with the expanding data in both public and  
in-house databases, publications reporting functional stud-
ies, as well as improvements in computational algorithms for 
predicting pathogenicity and genotype-phenotype associa-
tion [10]. Therefore, following current recommendations, our 
laboratory periodically reviews previously identified genetic 
test results and performs variant-level reassessment. 

The relevance of splicing in the BRCA genes, whether 
alternative or aberrant, was reported in various studies 
in connection with functionality [11,12]. Since any type of  
genetic variation (missense, nonsense, synonymous as well 
as intronic) may influence correct splicing, we systematically 
subjected these variants to diverse in silico splice predictions, 
and those that were predicted to be potentially spliceogenic, 
were further analyzed. We selected five VUS with potential 
splice effect and we studied them at transcriptional level,  
using blood RNA samples of the proband. Additional clinical 
evidence, as clinico-pathological features of carriers, pedi-
gree analysis during clinical genetic counseling, presence of 
potential locus-specific loss of heterozygosity (LOH) in the 
corresponding tumor tissues and co-segregation of the vari-
ant with the disease were involved in the establishment of 
the plausible clinical relevance. 

We present transcript-level genetical evidence as well as 
phenotype rationales for reclassification of five BRCA1/2 
variants.

Materials and Methods

1. Patients, clinical genetic counseling, and BRCA1/2 geno-
typing 

In this study, we analyzed 3,568 Hungarian HBOC pati-
ents by NGS method within the frame of routine genetic 
testing for BRCA1 and BRCA2 genes at the Department of 
Molecular Genetics of the National Institute of Oncology,  
Budapest, Hungary between 2015-2020. In Hungary, a natio- 
nal guideline was published in 2020 by the Board of Clini-
cal Geneticists about the criteria for germline testing of  
patients with breast cancer (http://www.hbcs.hu/uploads/
jogszabaly/3278/fajlok/2020_EuK_20_szam_EMMI_szak-
mai_iranyelv_2.pdf). In brief, breast/ovarian cancer under 
the age of 50, triple-negative breast cancer or ovarian cancer 
or male breast cancer at any age, breast cancer at any age 
with two or more first-degree relatives (1 ≤ 50) or at least 
one ovarian first-degree cancer relatives [13]. Prior to mole-
cular genetic testing, clinical genetic counseling was per-
formed in each case according to the Hungarian legal and 
ethical regulations, where personal and familial tumor his-
tory was registered. All participants gave written informed 
consent for the genetic testing. Genotyping was carried out 
for all coding exons and exon-intron boundaries of BRCA1 
and BRCA2 genes with Multiplicom amplicon-based enrich-
ment BRCA MASTR Dx or BRCA MASTR Plus Dx library 
preparation kit (Agilent Technologies, Santa Clara, CA) and 
sequenced on MiSeq Illumina platform (Illumina, San Die-
go, CA). Bioinformatics analysis was done with the MASTR  
Reporter software v.1.1 (Agilent Technologies). When a VUS 
was identified, the significance of this result was extensively 
explained and discussed with the patients during the post-
test counseling. Then, if the patient agreed to participate 
in research studies (including in vitro characterization and 
family screening for studying segregation), a second sam-
pling was performed and these samples were further used 
for functional characterization. Upon conclusive result, the  
patients were re-counseled in the light of the new result. The 
availability of genetic testing was offered for all at-risk rela-
tives of the variant carriers’ families. 

2. In silico predictions and variant selection
Splice alteration predictions for splice consensus regions 

(–3 to +8 at the 5′ splice site and –12 to +2 at the 3′ splice 
site) were taken from ADA_score and RF_score, arising from 
adaptive boosting [14] and random forest ensemble [15] 
learning methods integrated into the annotations of dbNSFP 
v4.0 [16]. Cutoff scores > 0.9 for ADA and > 0.7 for RF were 
considered. Possible splice effects of intronic variants outside 
of the consensus splice regions were queried by varSEAK, 
an online public access program (JSI Medical Systems, Etten-
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heim, Germany), based on mainly MaxEntScan calculations. 
Scores ≥ 4 were taken as a cutoff for plausible splice impact. 
RNABP (http://nsclbio.jbnu.ac.kr/tools/RNABP) [17] and 
LaBranchoR [18] predictors were applied for determining 3′ 
splice branchpoint positions. LaBranchoR defines the most 
probable position of the active adenine and RNABP predicts 
the odds for a nucleotide being a potential branchpoint site. 
Variants were selected for cDNA-level study if any of these 
predictions were suggestive of possible aberrant splicing 
and variant frequency was extremely low (< 0.001) in vari-
ous populations. Variants, elected for transcript-level analy-
sis are listed in Table 1. Phenotype and family characteristics 
of the probands carrying these variants are listed in Table 2 
and S1 Fig.

3. cDNA qualitative analyses
RNA was isolated using the Tempus Spin RNA Isolation 

Kit (Thermo Fisher Scientific, Waltham, MA) from peripheral 
blood taken in Tempus Blood RNA tubes (Thermo Fisher Sci-
entific) according to the manufacturer’s recommendations. 
First-strand reverse transcription was carried out by Super-
Script IV Reverse Transcriptase (Thermo Fisher Scientific). 
Reverse transcription PCRs (RT-PCRs) amplifying the vari-
ant-containing exons along with at least two adjacent exons 
were designed individually (list of cDNA primers is given 
in S2 Table). Amplification products were visualized on 1% 
agarose gel next to Hyper Ladder 1 kb DNA sizing stand-
ard (Bioline, London, UK) and subsequently sequenced by 
conventional Sanger sequencing method on ABI3130 Genetic 
Analyzer using the BigDye v.1.1 Kit (Thermo Fisher Scien-
tific). Sequencing was done for the whole RT-PCR product 
without separation of the respective bands to compare peak 
intensities of normal and aberrantly spliced products. Where 
it was necessary to remove the interfering predominant 
normal alternative splice product, fragments of different 
sizes were cut out and cleaned from the gel by Monarch Gel  
Extraction Kit (New England Biolabs, Ipswich, MA) and the 
purified product was sequenced as above.

4. cDNA semi-quantitative measurements 
Relative quantitation of the normal and aberrantly spliced 

isoforms was assessed by two analytical methods: quantita-
tive real-time PCR (qPCR), as well as quantitative multiplex 
PCR of short fluorescent fragments (QMPSF), and the aver-
aged results of the two methods were considered for the sub-
sequent calculations. Selective amplification of the two types 
of transcripts was performed with specific primer pairs engi-
neered to discriminate between the two splice forms. At least 
one primer of the pairs was designed so that it should span 
exon borders, to amplify only from the cDNA (exact primer 
sequences are listed in S2 Table). qPCR was run on Quant-

Studio 5 Real-Time PCR System (Thermo Fisher Scientific) 
in relative quantification mode using SYBRGreen chemistry 
(Xceed HRM 2× Mix, Institute of Applied Biotechnologies, 
Prague, Czech Republic). Since both types of transcripts 
were amplified from the same template cDNA, no calibrator 
sample was needed, the expressions of the normal and aber-
rantly spliced products were directly comparable. Each test 
was performed in technical triplicates and three independ-
ent measurements were done. Means of the measurements 
with standard deviations were calculated. For QMPSF, one 
of the primer pairs of the respective amplicons was labeled 
with FAM fluorescence. PCR was conducted using Qiagen 
Multiplex PCR kit (Qiagen, Hilden, Germany) for 24 cycles 
at 62°C annealing temperature. The resulted products were 
subjected to capillary electrophoresis on an ABI3130 Genetic 
Analyzer (Thermo Fisher Scientific) in Microsatellite analy-
sis mode. Peaks were visualized using the Peak Scanner 
Software 2.0 provided for the instrument. Peak ratios were 
calculated based on the area under the curve (AUC). Three 
biological measurement replicates were done. 

Relative allelic expressions for allelic imbalance tests were 
measured on cDNA calculating the AUC ratios of exonic het-
erozygote positions in sequencing electropherograms [19]. 
The peak ratios defined on cDNA were normalized to the 
ratios of the same positions measured on gDNA.

5. LOH tests
Loss of the normal allele was tested in the tumor DNA of 

the probands, where it was available. DNA was extracted 
from the tumor using the Maxwell RSC DNA FFPE kit (Pro-
mega Corporation, Madison, WI). The PCR-amplicon of the 
variant-containing region was subjected to sequencing and 
allelic AUC ratio of the electropherogram peaks at the vari-
ant position was determined. LOH was calculated by nor-
malizing the AUC ratios of the variant position of the tumor 
to that of the gDNA, and the tumor content was also taken 
into account by using the formula below:
R=(AUCreference in tumorAUCvariant in tumor)×(AUCvariant in germline/ 
AUCreference in germline)×Proportion of tumor content R < 0.5 was 
considered as LOH. 

6. Complex evaluation of pathogenicity
We employed the VarSome software’s built-in patho-

genicity calculator [20], corresponding with the statements 
of Goldgar et al. (2004) [21], for allocating variants into the 
5-tier categories along with current ACMG guidelines [4]. As 
additional supporting evidence, at some variants we took 
into consideration co-segregation, LOH, family history, and 
proband phenotype characteristics to underpin their clinical 
relevance. 

Anikó Bozsik, Spliceogenic Variants in BRCA1/2
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Results

1. Selection of VUS potentially affecting splicing
In the course of our routine BRCA1/2 diagnostic NGS-

sequencing, we tested altogether 3,568 probands whom 
clinical presentation fulfilled the HBOC criteria for genetic 
testing (S3 Fig.) [9]. As a result of the comprehensive exon 
and exon-intron boundary sequencing of both genes, we 
detected 560 different variants, 130 of which were VUS  
according to the relevant ACMG criteria or not registered in 
BRCA1/2 locus-specific databases. The majority of them were 
extremely rare or absent in various population databases. We 
subjected these variants to diverse in silico splice prediction 
algorithms defining canonical splice disruptions or creation 
of novel splice sites (see “Materials and Methods”). Seven of 
the variants were suggestive for having spliceogenic effect 
by at least one of the in silico tools and for five variants out 
of them (with pan-population frequencies < 0.01 each), RNA 
samples were available for transcript-level analysis (Table 1). 
The study involved 10 nonrelated families altogether, carry-
ing any of these five variants (Table 2, S1 Fig.). 

2. BRCA1 intronic variants causing partial exon 14 skipping 
Two probands of nonrelated breast cancer families (fam-

ily 1 and family 2) carried a BRCA1 c.4484+4dupA variant, 
which was an insertion of an additional adenine nucleotide 

after the 4th basis of the BRCA1 intron 14, close to the canoni-
cal splice donor site. VarSeak prediction gave a high score 
for splice alteration (Table 1). Another proband in a different 
family was a c.4358-31A>C variant carrier (family 3). Branch-
point predictors anticipated that this latter variant affects the 
active adenine upstream the splice acceptor site of exon 14 
(Table 1, S4 Fig.). RT-PCR amplification from the cDNA of 
the variant carriers with primers flanking exon 14 yielded a 
smaller-sized extra band in all three cases (Fig. 1A), which 
was sequenced and identified as an aberrant splice product 
with whole exon 14 skipping (Δ14) (Fig. 1B, S5 Fig.).

Semi-quantitative real-time PCR, as well as QMPSF anal-
yses designed for specific amplification of the normal and 
aberrantly spliced RNA products showed that the Δ14 tran-
script is present in a lower quantity than the normal, full-
length transcript (Fig. 1D and E). The average proportions 
were 0.32 (approx. ratio 1:3) for c.4484+4dupA carriers and 
0.17 (approx. ratio 1:5.5) for c.4358-31A>C carrier calcu-
lated based on both detection methods. In addition, one 
c.4484+4dupA carrier proband carried numerous exonic het-
erozygote variants that allowed testing of allelic imbalance. 
Interestingly, AUC calculations of a heterozygote position in 
exon 16 (c.4837A>G) showed a 1:2 ratio of the two nucleo-
tides in the electropherogram superposition (Fig. 1C). To  
resolve the discrepancy between the two ratios (1:3 and 1:2), 
we raised the possibility that incomplete aberrant splicing 

Fig. 1.  (Continued from the previous page) (F) Detection of incomplete aberrant splicing on RT-PCR product amplified exclusively from the 
FL transcript by sequencing tagging polymorphism BRCA1 c.4837A>G. The electropherogram of the variant position is enlarged on the 
right side. (G) The composition of FL and Δ14 transcripts from the wild type (blue) and variant carrier (red) alleles in BRCA1 4484+4dupA 
carrier (F1) and BRCA1 c.4358-31A>C carrier (F3). The green segment represents the NMD-degraded fraction. The extent of FL transcript 
originating from the BRCA1 c.4358-31A>C carrier allele is only imputed. FL, full length; F1, family 1; F2, family 2; F3, family 3; C1-3, wild 
type controls; L, 1 kb ladder (Promega); NMD, nonsense-mediated mRNA decay; RT-PCR, reverse transcription polymerase chain reac-
tion; QMPSF, quantitative multiplex PCR of short fluorescent fragments; qPCR, quantitative real-time polymerase chain reaction. 
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may interfere with the allele expression ratios measured. We 
tested this hypothesis using the c.4837A>G variant as a tag-
ging polymorphism: we performed allele-specific RT-PCR 
with primers amplifying only the full-length, exon 14-con-
taining transcript encompassing the c.4837A>G variant posi-
tion. Concomitant Sanger sequencing of the resulted PCR 
product and measurement of the AUC of the electrophero-
gram peaks in the tagging position yielded that the ratio was 
A:G=1:5.5 (Fig. 1F). Regarding the fact that Δ14-containing 

allele-specific PCR resulted exclusively in allele A, we could 
state that allele A is in “cis” position with 4484+4dupA vari-
ant, therefore the presence of allele A in the full-length tran-
script with 1:5.5 ratio markers that ~20% of the 4484+4dupA 
variant-containing allele also produced normally spliced 
RNA product. A remarkable portion of the remaining ~80% 
aberrantly spliced product may be partially degraded by 
nonsense-mediated decay (NMD), leaving only ~40% of 
the allelic expression as aberrant transcript (Fig. 1G). This 

Fig. 2.  cDNA analysis of BRCA1 c.5407-10G>A variant. (A) Sanger sequencing result of the RT-PCR product of the BRCA1 c.5407-10G>A 
variant carrier proband of F5. Aberrant transcript revealed the inclusion of eight nucleotides of intron 22 into exon 23 generating a 
frameshift from this position. The peak intensities of the normal and aberrant sequences are equal. (B) Allelic imbalance test harnessing a 
heterozygote position BRCA1 c.4837A>G outside of the aberrantly spliced exon shows a 1:1 allelic ratio compared to the same position in 
gDNA. This confirms that the aberrant transcript is not degraded by NMD. (C) Relative abundance of the normal (N) and aberrant (inc8) 
transcripts measured by QMPSF. The slight difference may arise from suboptimal specificity of the discriminative primers. (D) Detection 
of complete aberrant splicing on RT-PCR product amplified exclusively from the normal transcript by sequencing tagging polymorphism 
BRCA1 c.4837A>G. Arrow points to the variant position, which represents only G, corresponding to the wild type allele.  (Continued to the 
next page)
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indirectly suggests that NMD degrades approximately half 
of the BRCA1 Δ14 transcript. Unfortunately, the two other 
probands did not carry any exonic alterations in heterozy-
gote form. Consequently, the calculation of the measure of 
incomplete aberrant splicing was feasible only indirectly in 
the case of the c.4358-31A>C carrier. Calculating with the 
same extent of NMD (~50% degradation of the BRCA1 Δ14 
transcript), we yielded that nearly half of the variant-carri-
er allele might be normally spliced. Therefore, most prob-
ably, only half of the amount of aberrant splice product was  
detectable at c.4358-31A>C carrier relative to c.4484+4dupA 
carrier (Fig. 1G), which may be attributable to the larger  
incompleteness of this variant’s aberrant splicing effect.  

The pedigrees of the three families are depicted in S1 Fig. 
All showed characteristic personal and familial HBOC fea-
tures (Table 2). Family members in family 1 were available 
for genetic testing allowing genotype-phenotype co-segrega-
tion analysis. The proband’s mother, who was nonaffected 
turned out to be a non-carrier. The paternal grandmother, 
who had breast cancer at the age of 54, carried the variant. 
The proband’s father turned out to be also a variant carrier, 
but without clinical symptoms. 

3. BRCA1 c.5407-10G>A causes partial intron inclusion
The BRCA1 c.5407-10G>A variant was detected in two  

independent probands in our tested cohort (family 4 and 
family 5) and both harbored characteristic personal and  
familial HBOC features (Table 2, S1 Fig.). The variant chang-
es a G nucleotide to an A in intron 22, ten nucleotides ups-
tream of the exon 23, which was predicted in silico to disturb  
canonical splicing (Table 1). RNA sample was available from 
the proband of family 4. RT-PCR amplification yielded a 
fragment, which was indistinguishable from the wild type 
in length. Nonetheless, sequencing analysis of the fragment 
revealed aberrant splicing with retention of eight nucleotides 
of intron 22 upstream of the BRCA1 exon 23 (Fig. 2A). The 
nucleotide change introduced a novel AG acceptor dinucle-
otide within the AG exclusion zone [22], which acted as a 
novel strong acceptor site. Since the mutant transcript gener-
ated stop codon only in the last exon (exon 24), the resulting 
aberrant transcript was not subject to NMD. This was veri-
fied on the cDNA by a heterozygote exonic position, which 
actually did not show allelic imbalance (Fig. 2B). Therefore, 
the relative abundance of the normal and alternative tran-
scripts reflects reliably the original ratio of the two splicing 
events. This was also confirmed by QMPSF technique (Fig. 
2C). The completeness of the aberrant splicing was also stud-
ied applying a tagging variant c.4837A>G in exon 16, which 
was present in heterozygote form in one of the carriers. The 
tagging variant was co-amplified in a specific PCR reaction, 
which was designed for selective amplification of the nor-

mal, wild-type transcript. Sequencing electropherogram of 
the tagging variant position yielded only the G allele, no 
traces of the A allele (which was “in cis” with c.5407-10G>A) 
was detectable (Fig. 2D). This result ascertained that all the 
transcripts generated from the c.5407-10G>A variant-carrier 
allele were aberrant, so the aberrant splicing induced by this 
variant was complete. Furthermore, LOH test of the breast 
tumor tissues of index cases was available both in family 4 
and family 5. Loss of the normal allele was demonstrated in 
both cases with R=0.26 and R=0.3 scores, respectively (Fig. 
2E).

4. Transcript-level study of BRCA2 putatively spliceogenic 
exonic variants

Based on in silico predictions, we selected two different 
BRCA2 variants for cDNA analysis, for which it was antic-
ipated that the canonical splice sites might be affected. Of 
these, BRCA2 c.8487G>T, positioned in the last nucleotide of 
the BRCA2 exon 19, occurred in four unrelated probands in 
our cohort 4/3,568 (0.11%). Blood RNA sample was available 
from only one proband (family 6). RT-PCR‒amplification of 
the region flanking the variant carrier exon yielded two prod-
ucts: one corresponded to the full-length transcript, while the 

Fig. 2.  (Continued from the previous page) (E) Representative exa-
mple for LOH in family 4. The electropherogram of the variant  
position is enlarged on the right side. F5, family 5; gDNA, 
genomic DNA; inc8, aberrant transcript with 8 nucleotide inclu-
sion from intron 22; LOH, loss of heterozygosity; N, normal tran-
script; NMD, nonsense-mediated mRNA decay; QMPSF, quan-
titative multiplex PCR of short fluorescent fragments; RT-PCR, 
reverse transcription polymerase chain reaction; tDNA, tumor 
DNA. 
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other, shorter fragment proved to be an aberrant transcript 
with whole exon 19 skipping (Fig. 3A). The peak intensities 
of the sequencing electropherogram at the superposition of 
the normal and aberrant transcript sequences were equal 
(Fig. 3B); therefore, we suspected that the aberrant splicing 
was complete. Indeed, a tagging exonic variant position 
(c.7242A>G), which was also present in the proband in het-
erozygote state, we detected only the allele G, when amplify-
ing the normal transcript selectively (Fig. 3C). No traces of 
allele A was present, implying that no full-length transcript 
was generated from the c.8487G>T variant carrier allele.  
Tumor sample DNA was available from three probands (fam-
ily 6, 7, 9). LOH was demonstrated in all three samples with a 
mean Z score=0.25 (standard deviation, 0.03) (Fig. 3D).

BRCA2 c.793G>A affected the last nucleotide of BRCA2 
exon 9 and was prognosticated as potentially spliceogenic 
variant affecting canonical splice donor site by varSEAK 
program (score 4). Opposed to this prediction, we observed 
neither aberrant transcript nor allelic imbalance when tested 
cDNA of the variant carrier (Fig. 3E and F).

Discussion 

This study based on 15 randomized controlled trials inclu-
ding 2,867 patients and aCorrect splicing regulation is indis-
pensable for generating functional transcripts, so adequate 
evaluation of genetic variants’ role in aberrant splicing is of 
paramount clinical relevance. We analyzed five rare BRCA1/2 
variants on cDNA-level, which were suggested a priori as 
potentially splice-altering changes according to various in 
silico splice predictions. Although RNA expression data arose 
from peripheral blood rather than tumor tissue samples of 
the carriers, data are authentical, since surveys give evidence 
that BRCA1 alternative splicing is similar in blood and breast 
tissue, a finding supporting the clinical relevance of blood-
based in vitro splicing assays [25]. Besides the presence of 
aberrant splicing, the extent of that is also an issue in deter-
mining pathogenicity, since surveys argue that incomplete 
aberrant splicing may yield normal transcript in sufficient 
quantity for physiological function [26]. Since the analyzed 
RNAs were collected in Tempus Blood RNA tubes, we could 
not perform NMD-inhibition prior to cDNA analyses of the 
samples, but we were able to calculate its extent indirectly 
in most of the cases, where it was applicable. Utilizing tag-
ging polymorphism is an acknowledged way of determin-
ing if the lower extent of alternative allele expression is the 
result of incomplete aberrant splicing or nonsense-mediated 
decay [27]. Additionally, as further steps, we investigated 
locus-specific LOH in breast cancer tumor tissues and also 
performed co-segration analysis of these variants with clini-

cal phenotype.
Multiple lines of evidence were synthesized to prove 

pathogenicity using the standardized variant interpretation 
recommendations of the ACMG (Table 3). Of the variants 
studied, BRCA1 c.4484+4dupA and BRCA1 c.5407-10G>A 
had enough supportive evidence for reclassification from 
VUS into likely pathogenic (Tier 2) category. These main 
arguments are (1) multiple lines of computational evidence 
support a deleterious effect on the gene or gene product (PP3  
evidence), (2) the variants were found in patients with dis-
ease phenotype (PP4), since the probands were young age 
at onset with personal disease phenotypes characteristic of 
BRCA1 mutation-carriers, in addition, BRCA1 c.4484+4dupA 
variant carrier families had several relatives having various 
tumors in the syndromic spectrum, (3) the variant alleles were 
absent in diverse variant databases such as Exome Aggre- 
gation Consortium (ExAC, http://exac.broadinstitute.org) 
or the Genome Aggregation Database (gnomAD, https://
gnomad.broadinstitute.org) (PM2) and (4) finally, our results  
fulfilled the PS3 category: ‘well-established in vitro or in vivo 
functional studies supportive of a damaging effect on the 
gene or gene product are strong evidence for pathogenicity’ 
[4]. Our study provided transcript-level evidence for patho-
genicity (pathogenic splice product, elicited unequivocally 
by the variant position), which was eligible for the asser-
tion. Furthermore, CRISPR-based saturation genome editing 
surveys performed by Findlay et al. (2018) [23] also point-
ed out the possible functional relevance of BRCA1 c.5407-
10G>A, with an intermediate functional score of –0.95. An 
additional layer of a posteriori evidence for pathogenicity 
was also provided by LOH test of the variant BRCA1 c.5407-
10G>A, where the loss of the normal allele with R < 0.5 
was demonstrated in the tumor tissues removed from both 
probands. Although the tumor sample of the proband car-
rying BRCA1 c.4484+4dupA did not show LOH, it is not a 
strong proof against pathogenicity, since the ACMG scoring 
system does not make use of the somatic results as independ-
ent evidence for clinical assertion [28]. Even the bona fide 
pathogenic BRCA1 mutations do not always accompanied 
by LOH. As much as 10% of the BRCA1 germline mutation-
associated breast tumors did not show locus-specific LOH 
[29]. Co-segregation analysis, however, was achievable in a 
c.4484+4dupA variant carrier family, where the variant seg-
regated with the phenotype in additional family members, 
corroborating its pathogenic nature.  

cDNA-level analysis of the variant BRCA1 c.4358-31A>C 
clearly showed the presence of aberrant splicing, which 
was also whole exon 14 skipping. This is most probably the 
consequence of the disturbance of the active branchpoint 
adenine in the splicing intermediate lariat formation. None-
theless, indirect calculations based on the inferred extent of 
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the NMD showed that the aberrant splicing is only partial, it  
totals up to only half of the transcripts of the variant-carrier 
allele. Functional surveys by de la Hoya et al. [26] revealed 
that BRCA-associated cancer risk is not markedly increased 
for individuals who carry a BRCA1 allele, which permits 20%-
30% of tumor suppressor function. In contrast, Bonnet et al. 
(2008) [30] judged BRCA2 c.9501+3A-T variant with partial 
exon 25 skipping as a biologically significant mutation with 
reduced penetrance, although a significant portion of the 
variant-carrier allele produced normal transcript. Similarly, 
Zhang et al. (2009) [27] published that BRCA2 IVS4-12del5 is 
a mutation, though this variant causes only partial deletion 
of exon 5 as a result of inefficient aberrant splicing. In our 
case, the proband’s family (family 3) harbored strong char-
acteristics of HBOC with five affected relatives, each fitting 
in the disease spectrum. Unfortunately, samples from other 
members of the family were not available for co-segregation 
analysis, similarly LOH test of the tumor was not feasible. 
In summary, this variant, although deserves attention, still 
requires further analysis to be equivocally asserted into the 
likely pathogenic category.

Transcript of the BRCA2 c.8487G>T variant allele showed 
complete exon 19 skipping in our study. The BRCA2 Δ19 is 
a minor naturally occurring alternative in-frame isoform but 
it is proved to be non-functional in complementation assays 
[31]. Spliceogenic capacity of this variant was formerly wit-
nessed by Houdayer et al. [24] but they did not determine the 
amount of the aberrant splicing, which was assessed as 100% 
in our study. The other novelty provided by our experiments 
was the demonstration of LOH in several variant-carrier  
tumor samples, which is also corroborative for its pathogen-
ic nature [28]. The variant is not registered in the dbSNP or 
ClinVar databases, but occurred relatively frequently in our 
familiar breast cancer cohort (4/3, 568). Phenotypes of the 
probands, as well as family tumor history, were character-
istic for the pathology of BRCA1 carriers. ACMG scoring by 
VarSome ver. 2021 predicts this variant as likely pathogenic. 
Indeed, by the combined supportive evidence, we can rein-
force this assertion. 

As for the variant BRCA2 c.793G>A, as opposed to its spli-
ceogenic prediction by varSEAK, our studies yielded neither 
aberrant transcript nor allelic imbalance at cDNA-level. The 
results provided sufficient evidence for this variant to alter 
the VUS ACMG verdict to likely benign.

Poor participant rate in family (cascade) screening is con-
sidered a limitation of the current study. While genetic test-
ing was offered to all first-degree, asymptomatic and second-
degree affected relatives during genetic counseling, in the 
10 families only 14.8% (4/27) check-in rate was observed. 
Referred reasons from probands were elderly parents, liv-
ing in different city or countryside and loose family bonds. 

Therefore, interpretation of co-segregation data has not rep-
resented strong relevance in our study.

As a summary, out of the five investigated variants, we 
were able to reclassify two VUS (BRCA1:c.4484+4dupA; 
BRCA1:c.5407-10G>A) into likely pathogenic class; one like-
ly pathogenic variant (BRCA2:c.8487G>T, p.(Gln2829His)) 
into pathogenic category and one VUS (BRCA2:c.793G>A, 
p.(Gly265Arg)) into likely benign class.

With the spread of the high-throughput NGS in the routine 
molecular genetic diagnostics of hereditary cancer predis-
position, there are emerging numbers of rare variants with 
unknown significance. The presence of VUS represents a 
significant challenge for the clinical geneticist, for the man-
aging clinicians and for the patients as well. According to 
the current guidelines, VUS of the BRCA1/2 genes are repor-
table, however should not be used for medical decisions, 
which can result in considerable stress for the proband and 
the proband’s family. All of these emphasize the need for the 
molecular and clinical characterization of VUS. Both up- and 
down-classification harbor important clinical significance. 
Patients carrying re-classified pathogenic variants (previ-
ously known as VUS) in the future will not be dropped out 
from medical surveillance, preventive measures, treatment, 
and predictive family screening in relatives at risk. In the cur-
rent study, we presented molecular and clinical evidence as a  
basis of reclassification and clinical evaluation of five 
BRCA1/2 variants that can be used in the interpretation of 
molecular genetic reports.

Electronic Supplementary Material
Supplementary materials are available at Cancer Research and 
Treatment website (https://www.e-crt.org). 

Ethical Statement
The study was approved by the Institutional Ethical Board and 
the Research and Ethics Committee of the Hungarian Health Sci-
ence Council (ETT-TUKEB 53720-7/2019/EÜIG) and performed in  
accordance with the principles of the Declaration of Helsinki. After 
genetic counseling, written informed consents were obtained from 
all patients.

Author Contributions
Conceived and designed the analysis: Bozsik A, Papp J, Grolmusz 
VK, Patócs A, Oláh E, Butz H. 
Collected the data: Bozsik A, Papp J, Grolmusz VK, Patócs A, Oláh 
E, Butz H.
Contributed data or analysis tools: Bozsik A, Papp J, Grolmusz VK, 
Patócs A, Oláh E, Butz H.
Performed the analysis: Bozsik A.
Wrote the paper: Bozsik A, Papp J, Butz H.

Cancer Res Treat. 2022;54(4):970-984



VOLUME 54 NUMBER 4 OCTOBER 2022     983

ORCID iDs
Anikó Bozsik  : https://orcid.org/0000-0001-5410-9173

Conflicts of Interest
Conflict of interest relevant to this article was not reported.

Acknowledgments
This work was supported by TKP2020-NKA-26 to A.P. and NKFI 
FK 135065 to H.B.

1. �Robson M, Offit K. Clinical practice. Management of an inhe- 
rited predisposition to breast cancer. N Engl J Med. 2007;357: 
154-62.

2. �Federici G, Soddu S. Variants of uncertain significance in the 
era of high-throughput genome sequencing: a lesson from 
breast and ovary cancers. J Exp Clin Cancer Res. 2020;39:46.

3. �Singer CF, Balmana J, Burki N, Delaloge S, Filieri ME, Gerdes 
AM, et al. Genetic counselling and testing of susceptibility 
genes for therapeutic decision-making in breast cancer-an 
European consensus statement and expert recommendations. 
Eur J Cancer. 2019;106:54-60.

4. �Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, et al. 
Standards and guidelines for the interpretation of sequence 
variants: a joint consensus recommendation of the American 
College of Medical Genetics and Genomics and the Associa-
tion for Molecular Pathology. Genet Med. 2015;17:405-24.

5. �Kuchenbaecker KB, Hopper JL, Barnes DR, Phillips KA, Mooij 
TM, Roos-Blom MJ, et al. Risks of breast, ovarian, and con-
tralateral breast cancer for BRCA1 and BRCA2 mutation carri-
ers. JAMA. 2017;317:2402-16.

6. �Parsons MT, Tudini E, Li H, Hahnen E, Wappenschmidt B,  
Feliubadalo L, et al. Large scale multifactorial likelihood 
quantitative analysis of BRCA1 and BRCA2 variants: an 
ENIGMA resource to support clinical variant classification. 
Hum Mutat. 2019;40:1557-78.

7.  �Harper K. BRCA exchange launches. Cancer Discov. 2019;9: 
311-2.

8. �Murray ML, Cerrato F, Bennett RL, Jarvik GP. Follow-up of 
carriers of BRCA1 and BRCA2 variants of unknown signifi-
cance: variant reclassification and surgical decisions. Genet 
Med. 2011;13:998-1005.

9. �Bevers TB, Anderson BO, Bonaccio E, Buys S, Daly MB, Demp-
sey PJ, et al. NCCN clinical practice guidelines in oncology: 
breast cancer screening and diagnosis. J Natl Compr Canc 
Netw. 2009;7:1060-96.

10. �Deignan JL, Chung WK, Kearney HM, Monaghan KG, Rehder 
CW, Chao EC, et al. Points to consider in the reevaluation and 
reanalysis of genomic test results: a statement of the Ameri-
can College of Medical Genetics and Genomics (ACMG). Gen-
et Med. 2019;21:1267-70.

11. �Orban TI, Olah E. Emerging roles of BRCA1 alternative splic-
ing. Mol Pathol. 2003;56:191-7.

12. �Stoilov P, Meshorer E, Gencheva M, Glick D, Soreq H, Stamm 
S. Defects in pre-mRNA processing as causes of and predis-
position to diseases. DNA Cell Biol. 2002;21:803-18.

13. �Marmolejo DH, Wong MYZ, Bajalica-Lagercrantz S, Tisch-
kowitz M, Balmana J; Extended ERN-GENTURIS Thematic 
Group. Overview of here-ditary breast and ovarian cancer 
(HBOC) guidelines across Europe. Eur J Med Genet. 2021;64: 
104350.

14. �Culp M, Johnson K, Michailides G. ada: an R package for sto-
chastic boosting. J Stat Softw. 2006;17:1-27.

15. �Breiman L. Random forests. Mach Learn. 2001;45:5-32.
16. �Liu X, Li C, Mou C, Dong Y, Tu Y. dbNSFP v4: a comprehen-

sive database of transcript-specific functional predictions and 
annotations for human nonsynonymous and splice-site SNVs. 
Genome Med. 2020;12:103.

17.  �Nazari I, Tayara H, Chong KT. Branch point selection in RNA 
splicing using deep learning. IEEE Access. 2019;7:1800-7.

18. �Paggi JM, Bejerano G. A sequence-based, deep learning 
model accurately predicts RNA splicing branchpoints. RNA. 
2018;24:1647-58.

19. �Papp J, Kovacs ME, Solyom S, Kasler M, Borresen-Dale AL, 
Olah E. High prevalence of germline STK11 mutations in 
Hungarian Peutz-Jeghers Syndrome patients. BMC Med Gen-
et. 2010;11:169.

20. �Kopanos C, Tsiolkas V, Kouris A, Chapple CE, Albarca Agu-
ilera M, Meyer R, et al. VarSome: the human genomic variant 
search engine. Bioinformatics. 2019;35:1978-80.

21. �Goldgar DE, Easton DF, Deffenbaugh AM, Monteiro AN, 
Tavtigian SV, Couch FJ, et al. Integrated evaluation of DNA  
sequence variants of unknown clinical significance: applica-
tion to BRCA1 and BRCA2. Am J Hum Genet. 2004;75:535-44.

22. �Wimmer K, Schamschula E, Wernstedt A, Traunfellner P, 
Amberger A, Zschocke J, et al. AG-exclusion zone revisited: 
lessons to learn from 91 intronic NF1 3’ splice site mutations 
outside the canonical AG-dinucleotides. Hum Mutat. 2020; 
41:1145-56.

23. �Findlay GM, Daza RM, Martin B, Zhang MD, Leith AP, Gasp-
erini M, et al. Accurate classification of BRCA1 variants with 
saturation genome editing. Nature. 2018;562:217-22.

24. �Houdayer C, Caux-Moncoutier V, Krieger S, Barrois M, Bon-
net F, Bourdon V, et al. Guidelines for splicing analysis in  
molecular diagnosis derived from a set of 327 combined in 
silico/in vitro studies on BRCA1 and BRCA2 variants. Hum 
Mutat. 2012;33:1228-38.

25. �Chehade R, Pettapiece-Phillips R, Salmena L, Kotlyar M,  
Jurisica I, Narod SA, et al. Reduced BRCA1 transcript levels in 
freshly isolated blood leukocytes from BRCA1 mutation carri-
ers is mutation specific. Breast Cancer Res. 2016;18:87.

References

Anikó Bozsik, Spliceogenic Variants in BRCA1/2

https://orcid.org/0000-0001-5410-9173


984     CANCER  RESEARCH  AND  TREATMENT

26. �de la Hoya M, Soukarieh O, Lopez-Perolio I, Vega A, Walker 
LC, van Ierland Y, et al. Combined genetic and splicing analy-
sis of BRCA1 c.[594-2A>C; 641A>G] highlights the relevance 
of naturally occurring in-frame transcripts for developing 
disease gene variant classification algorithms. Hum Mol Gen-
et. 2016;25:2256-68.

27.  �Zhang L, Bacares R, Boyar S, Hudis C, Nafa K, Offit K. cDNA 
analysis demonstrates that the BRCA2 intronic variant IVS4-
12del5 is a deleterious mutation. Mutat Res. 2009;663:84-9.

28. �Walsh MF, Ritter DI, Kesserwan C, Sonkin D, Chakravarty D, 
Chao E, et al. Integrating somatic variant data and biomarkers 
for germline variant classification in cancer predisposition 
genes. Hum Mutat. 2018;39:1542-52.

29. �Maxwell KN, Wubbenhorst B, Wenz BM, De Sloover D, Pluta 
J, Emery L, et al. BRCA locus-specific loss of heterozygosity in 
germline BRCA1 and BRCA2 carriers. Nat Commun. 2017;8: 
319.

30. �Bonnet C, Krieger S, Vezain M, Rousselin A, Tournier I, Mar-
tins A, et al. Screening BRCA1 and BRCA2 unclassified vari-
ants for splicing mutations using reverse transcription PCR 
on patient RNA and an ex vivo assay based on a splicing  
reporter minigene. J Med Genet. 2008;45:438-46.

31. �Mesman RL, Calleja F, de la Hoya M, Devilee P, van Asperen 
CJ, Vrieling H, et al. Alternative mRNA splicing can attenu-
ate the pathogenicity of presumed loss-of-function variants 
in BRCA2. Genet Med. 2020;22:1355-65.

Cancer Res Treat. 2022;54(4):970-984




