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Abstract. Germline DNA testing using the next-gene-
ration sequencing (NGS) technology has become the
analytical standard for the diagnostics of hereditary
diseases, including cancer. Its increasing use places
high demands on correct sample identification, inde-
pendent confirmation of prioritized variants, and their
functional and clinical interpretation. To streamline
these processes, we introduced parallel DNA and RNA
capture-based NGS using identical capture panel
CZECANCA, which is routinely used for DNA
analysis of hereditary cancer predisposition. Here,
we present the analytical workflow for RNA sample
processing and its analytical and diagnostic perfor-
mance. Parallel DNA/RNA analysis allowed credible
sample identification by calculating the kinship coef-
ficient. The RNA capture-based approach enriched
transcriptional targets for the majority of clinically
relevant cancer predisposition genes to a degree that
allowed analysis of the effect of identified DNA vari-
ants on mRNA processing. By comparing the panel
and whole-exome RNA enrichment, we demonstrat-
ed that the tissue-specific gene expression pattern is
independent of the capture panel. Moreover, techni-
cal replicates confirmed high reproducibility of the
tested RNA analysis. We concluded that parallel
DNA/RNA NGS using the identical gene panel is a
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robust and cost-effective diagnostic strategy. In our
setting, it allows routine analysis of 48 DNA/RNA
pairs using NextSeq 500/550 Mid Output Kit v2.5
(150 cycles) in a single run with sufficient coverage to
analyse 226 cancer predisposition and candidate ge-
nes. This approach can replace laborious Sanger con-
firmatory sequencing, increase testing turnaround,
reduce analysis costs, and improve interpretation of
the impact of variants by analysing their effect on
mRNA processing.

Introduction

Cancer is one of the leading causes of death world-
wide (Sung et al., 2021). It is caused by DNA alterations
in genes that regulate cellular and tissue homeostasis.
While the majority of malignancies arise from somatic
DNA variants, hereditary predisposition, caused by
germline DNA variants in cancer predisposition genes,
drives cancer development in approximately 5—10 % of
cancer patients (Rahman, 2014; Kleibl and Kristensen,
2016). Identification of the germline pathogenic variant
is of paramount importance for tailored cancer preven-
tion in its asymptomatic carriers and, in addition, for
guiding personalized cancer treatment in hereditary can-
cer patients (Stadler et al., 2021).

Germline genetic testing for cancer predisposition is
routinely based on DNA analysis, for which next-gener-
ation sequencing (NGS) has become the gold standard
(Kuzbari et al., 2023). Although whole-genome se-
quencing (WGS) or whole-exome sequencing (WES)
approaches are now affordable, sequencing of selected
gene panels including only tens to hundreds of clinically
relevant or candidate cancer predisposition genes re-
mains the most common strategy (LaDuca et al., 2020).
The CZECANCA (CZEch CAncer paNel for Clinical
Application) panel targeting 226 cancer predisposition/
candidate genes has been the most widely used for he-
reditary cancer diagnostics in the Czech Republic with
over 30,000 probands analysed since 2016 (Soukupova
et al., 2018; Lhotova et al., 2020; Wieme et al., 2021;
Horackova et al., 2022; Kral et al., 2023).

In the past, RNA-based mutation analysis was mainly
performed by reverse transcription polymerase chain re-
action (RT-PCR) to analyse coding regions of selected
genes (Pohlreich et al., 2003), to evaluate the effect of a
variant of uncertain significance (VUS) on pre-mRNA
splicing (Havranek et al., 2015; Lhota et al., 2016), or to
estimate the biological consequence (impact on RNA)
of DNA variants prior to their subsequent analysis by
functional assays (Kleiblova et al., 2019). Analysis of
RNA at the whole transcriptome or mRNA level using
NGS-based RNA sequencing (RNA-seq) is a widely
used approach allowing addressing all these questions at
the global transcriptome level (Hong et al., 2020).
Unfortunately, for many tissues, the mRNA expression
level of many tumour suppressors (from which the ma-
jority of hereditary cancer predisposition genes recruit)

falls below one transcript per million (TPM) in RNA-
seq of total RNA or mRNA samples, limiting their use in
routine diagnostics. For instance, the expression levels
of BRCAI, BRCA2, and CHEK?2, the most frequently
altered hereditary cancer predisposition genes in breast
cancer patients, are 0.88, 0.20, and 1.26 TPM in blood
leukocytes according to the Genotype-Tissue Expression
(GTEXx) Portal (2023-10-10; https://gtexportal.org/). To
overcome this issue, enhanced resolution of low ex-
pressed genes could be achieved by RNA capture. In
diagnostics, most RNA capture-based NGS has been
limited to analysing a few dozen genes (Davy et al.,
2017; Karam et al., 2020; Horton et al., 2022, 2024).
RNA capture-based NGS covering hundreds of genes is
more commonly used for research purposes only (Hojny
et al., 2022; Struzinska et al., 2023). It could not only
precisely identify alternative splicing events in a tissue-
specific manner but also assess the effect of DNA va-
riants on the pre-mRNA splicing (Davy et al., 2017;
Farber-Katz et al., 2018; Lattimore et al., 2018, 2019;
Brandao et al., 2019; Lopez-Perolio et al., 2019; Walker
etal., 2019). Several bioinformatic tools are available to
quantify variant (alternative or aberrant) splicing events
(Schafer et al., 2015; Leman et al., 2020). These are
mainly based on counting the number of variant splicing
events in comparison to all splicing events (reference
and variant) in a given mRNA region. Consequently, the
proportion of aberrant splicing events driven by a spe-
cific germline DNA variant is reflected in the classifica-
tion of VUS, as specified in the ACMG/AMP guidelines
(Walker et al., 2023). Simultaneous analysis of DNA
and RNA samples thus improves the diagnostic poten-
tial of DNA germline genetic testing in hereditary can-
cer predisposition (Horton et al., 2022, 2024).

In our approach, we implemented an identical target
capture panel for parallel NGS testing of both DNA and
RNA samples. We summarized the reproducibility and
variability of parallel DNA/RNA testing and demon-
strated practical utilization of our approach within he-
reditary cancer predisposition testing.

Material and Methods

Patients and samples

Pairs of DNA and total RNA samples isolated from
peripheral blood leukocytes were obtained from 832 in-
dividuals undergoing germline genetic testing for can-
cer predisposition. Nasopharyngeal, skin and blood
samples were obtained from healthy volunteers to test
tissue-specific gene expression and technical reproduc-
ibility of the analysis. All participants provided written
informed consent with genetic testing approved by the
Ethics Committee of the General University Hospital in
Prague and the study was performed in accordance with
the Declaration of Helsinki. All participants were Euro-
peans of the Czech origin.
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DNA and RNA isolation

For DNA isolation, peripheral blood was drawn to
K,EDTA blood collection tubes (Becton Dickinson,
Franklin Lakes, NJ), and the DNA was isolated from a
400 pl blood sample using a MagCore Genomic DNA
Whole Blood Kit No. 101 in a MagCore Plus II instru-
ment (RBC Biosciences, New Taipei City, Taiwan) ac-
cording to manufacturer’s instructions. For RNA isola-
tion, peripheral blood was drawn to Tempus Blood RNA
Tubes (ThermoFisher Scientific, Waltham, MA) and
isolated using a Tempus Spin RNA Isolation Kit (Ther-
moFisher Scientific) according to manufacturer’s in-
structions. Minor modifications included extended cen-
trifugation time (50 min), increased centrifugation force
(4,000 g) and extended elution time (10 min). For RNA
isolation from nasopharyngeal epithelial cells, a naso-
pharyngeal swab (Copan, Murrieta, CA) was inserted to
the nasopharynx and the tissue sample was collected by
gentle rotation. The swab was immediately immersed in
600 pl of RLT buffer (Qiagen, Hilden, Germany) and
the supernatant was collected by centrifugation at 400 g
for 10 min. Total RNA was isolated using an RNeasy
Mini Kit (Qiagen) according to manufacturer’s instruc-
tions for purification of total RNA from cultured cells.
RNA from the skin was isolated from small (< 100 pg)
pendular skin tags cut by sterile scissors and immedi-
ately immersed in RNA later (Qiagen) and stored until
processing according to the manufacturer. Approxima-
tely 30 pg of the tissue sample was homogenized by
MagNA Lyser Green Beads (Roche, Basel, Switzerland)
using a MagNa Lyser Benchtop Homogenizer (Roche),
stabilized in QIAzol Lysis Reagent (Qiagen), and iso-
lated using an RNeasy Mini Kit (Qiagen) according to
manufacturer’s instructions for purification of total
RNA from the tissue. The concentration and quality of
isolated RNA was measured in NanoDrop One (Ther-
moFisher Scientific), RIN was estimated in an Agilent
2100 instrument using an RNA 6000 Nano Kit for the
selected subset of samples (Agilent, Santa Clara, CA).

NGS library preparation and sequencing

Targeted DNA library preparation was performed as
described previously (Kral et al., 2023) with minor
modifications that included the use of an updated KAPA
EvoPlus Kit (Roche, Basel, Switzerland).

The targeted RNA library was prepared using the
KAPA RNA HyperPrep Kit (Roche) as we described
previously (Walker et al., 2019) with minor modifica-
tions that included reduction of the reaction volume to a
half in the first steps of the library preparation (until the
end of the second post-ligation clean-up). Briefly, 5 pl
of total RNA (150-800 ng) was fragmented (6 minutes
at 94 °C; targeted mean fragment length 180-200 bases).
PCR amplifications were run for 9 and 11 cycles for pre-
and post-hybridization PCR, respectively. A total of
4048 barcoded samples were equimolarly pooled. Three
ng of the pooled DNA pre-library sample was hybridi-
zed with custom-designed KAPA HyperChoice probes

(CZECANCA vl1.2; 226 cancer predisposition/candi-
date genes, 0.63 Mbp, Roche; Supplementary Table S1)
(Soukupova et al., 2018) using a KAPA HyperCapture
Reagent kit (Roche) and captured using a KAPA Hyper-
Capture Bead kit (Roche).

To test the RNA capture-based approach with a much
larger capture panel, we hybridized 24 barcoded pre-li-
brary samples (2 pg of total pooled DNA) with KAPA
HyperExome Probes (Roche) targeting the whole exome
(43 Mbp), followed by only eight cycles of post-hybrid-
ization PCR.

The final DNA and RNA libraries were paired-end
sequenced in NextSeq 500 (for the CZECANCA panel)
with a NextSeq 500/550 Mid Output Kit v2.5 (150 cy-
cles, Illumina, San Diego, CA) or NovaSeq 6000 (for
the CZECANCA panel or HyperExome panel) with a
NovaSeq 6000 S1 Reagent Kit v1.5 (200 cycles, Illumina).

Bioinformatic analysis

For DNA NGS, fastq data were analysed as we de-
scribed previously (Soukupova et al., 2018). For RNA
NGS, fastq files were mapped to the human reference
genome (hgl19) by STAR aligner 2.5.2 in default set-
tings (sjdbOverhang = 100) to generate BAM files
(Dobin et al., 2013). PCR duplicates were removed us-
ing Picard tools v1.129. The BAM files were subse-
quently analysed by regtools (Cotto et al., 2023). For
splice junction annotations, the results were analysed by
the R package: SCANVIS (Agius et al., 2019) in R ver-
sion 4.2. Splice junctions for an alternative or aberrant
splicing analysis were included if they were identified in
at least three unique reads per sample. BAM files were
further processed by GATK 3.8 (McKenna et al., 2010)
with the SplitNCigarReads tool to call variants with Hap-
lotypeCaller to the variant call format (VCF). A kinship
coefficient was computed with R package SNPRelate
from final DNA/RNA VCF files (only single nucleotide
substitutions in coding regions were considered) to
identify paired DNA/RNA samples (Zheng et al., 2012).

Gene expression analysis

The annotated splice junction counts were used for the
gene expression analysis of each sample. The highest
count of wild-type (wt) junctions for the particular gene
represented the number of its transcripts. The sum of all
transcripts in a sample represented the input quantity.
Expression of three monoexonic genes was assessed by
the average coverage of the exon separately and was not
used for input quantity estimation. To normalize different
input quantities across the analysed samples, we nor-
malized the absolute number of transcripts of particular
genes to one million transcripts of 226 targeted genes.

Biological variability, reproducibility
and statistical analysis
The biological variability of blood RNA samples and

technical reproducibility of our analytical approach was
based on the results of the gene expression analysis.
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Biological variability was assessed by the analysis of
gene expression considering all 226 targeted genes from
48 RNA samples analysed in a single sequencing run.
Clustering analysis was conducted using the R package
pheatmap (https://CRAN.R-project.org/package=heat-
map) with the clustering method set to Ward D2 and
distance function set to Manhattan. The biological vari-
ability of gene expression was analysed using gene-spe-
cific Tagwise dispersion estimated for each gene using
R package edgeR (Chen et al., 2016). The dispersion is
the biological coefficient of variation (BCV) squared
(for example, if the gene expression typically varies by
20 % from replicate to replicate, its BCV is 0.2 and its
dispersion is 0.04). EdgeR estimated dispersions from
replicates using the quantile-adjusted conditional maxi-
mum likelihood method (qCML). Tagwise dispersion
was plotted against logarithmized means of the number
of transcripts across samples.

Inter-platform reproducibility was assessed by a com-
parison of sets with 24 identical sample libraries anal-
ysed in either NextSeq or NovaSeq instruments.

Inter-run reproducibility was assessed using a set of
seven RNA samples analysed in duplicates (two inde-
pendently prepared and sequenced libraries using the
CZECANCA panel).

Inter-capture reproducibility compared NGS results
obtained from sequencing of identical pre-libraries pre-
pared from 17 RNA samples that were hybridized with
either the CZECANCA capture panel (226 genes, 0.63 Mb)
or HyperExome Probes (43 Mb). For direct comparison,
the CZECANCA target was subtracted as a “virtual panel”
from WES (HyperExome panel) data. The correlation
was estimated using Spearman’s rank correlation (r), since
the distribution of all the datasets was non-normal
(Shapiro and Anderson-Darling normality tests were
used). The results were plotted in R using the ggpubr
package (https://CRAN.R-project.org/package=ggpubr).

Results

We adopted targeted RNA NGS for routine analysis
of paired DNA and RNA samples using the identical
custom capture panel CZECANCA (targeting 226
genes), which so far has only been used for DNA analy-
sis in routine settings (Soukupova et al., 2018). Each
NGS set for the analysis included 40-48 DNA with
paired RNA samples processed in parallel and analysed
in a single run in NextSeq 500 using the NextSeq
500/550 Mid Output Kit v2.5 (150 cycles). The techni-
cal parameters of a representative sequencing run
(Supplementary Table S2) were as follows: Q30 bases
was 94.66 %, pass filter was 91.66 %, and a sequencing
output was 25.83 Gbp. Approximately half (48.6 %) of
the sequencing output was attributed to the RNA analy-
sis. After removal of PCR duplicates (median 32.6 %;
range 25.0-43.5 %), the RNA sequencing yielded
29,129,631 unique reads mapped to exon-exon junction
regions for 48 analysed RNA samples. The mean of the
unique reads covering the exon-exon junction per sam-

ple was 606,867 (range 211,667—1,009,961) and the ma-
jority of them (mean 95.61 %) covered wild-type exon-
exon junctions (range 93.17-96.15).

Kinship analysis of DNA and paired RNA samples
was used to confirm matched DNA/RNA samples from
the same individual. The kinship coefficients for paired
samples fluctuated close to the maximal kinship coeffi-
cient value of 0.5, while these coefficients for unpaired
samples were significantly lower (Fig. 1A). Thus, the
kinship coefficient analysis provides a reliable method
identifying matched DNA and RNA samples for their
parallel processing.

The expression of a gene of interest in a tested tissue
is always the limiting factor for RNA-based analysis. To
assess the expression levels of 226 targeted genes, we
analysed up to 48 blood RNA samples (processed within
a single NGS run). The input quantity (sum of all tran-
scripts) per sample in a representative sequencing run
ranged between 30,445-129,797 across 48 blood RNA
samples (mean 88,628; median 93,628; Supplementary
Table S3) and was used to normalize the number of tran-
scripts per million for each sample in the run (Supple-
mentary Table S4).

We also compared the expression of the analysed
genes between blood, nasopharyngeal and skin RNA
samples. The targeted genes were divided into four cat-
egories according to their expression level in the blood,
skin and nasopharyngeal tissues as: high, moderate, low,
and very low/no (reflecting their TPM > 5000, 1500-5000,
500-1500, and < 500, respectively; Fig. 1B—C, Supp-
lementary Table S4). Reliable assessment of alternative/
aberrant splicing events was possible only in transcripts
detectable at high and moderate levels.

While the group of 55 clinically relevant cancer pre-
disposition genes (representing the genes of primary in-
terest for diagnostic purposes), 37 (67.3 %) showed suf-
ficient expression (high or moderate) in blood RNA
samples (Fig. 1B). Seven out of the remaining 18 genes
with low or very low/no expression in the blood were
sufficiently expressed in nasopharyngeal RNA (high:
CDHI, BMPRIA, EPCAM; moderate: RAD5I1C, KIT,
MET) and four in skin RNA (MENI, PALB2, CDK4,
SUFU). Thus, 47/55 (85.5 %) of the clinically relevant
cancer predisposition genes could be assessed by RNA
analysis of easily accessible tissues. On the other hand,
RNA analysis for other tissue types would be necessary
for several clinically relevant cancer predisposition
genes. CLSPN and BRCA2 had low detection levels
both in the blood and in nasopharyngeal and skin sam-
ples, POLDI1, RAD51D, and CDKN2A had very low/no
expression in the blood with low expression in nasopha-
ryngeal and skin RNA, and RET, WTI, and HOXBI13
had very low/no expression in all analysed tissue types.

To analyse the biological variability of blood RNA
samples, we performed cluster analysis of normalized
expression data of 217 genes (rows) in 48 RNA samples
(columns) from a representative sequencing run (Fig.
1D, Supplementary Table S4). Six genes (HNFIA,
HOXBI13, KCNJ5, LMOI1, PHOX2B, PLA2G24) were
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Fig. 1. (A) Sample pair identification by kinship coefficients for matched, paired DNA and RNA samples from 48 indi-
viduals analysed within a single sequencing run (left) and for unmatched DNA and RNA pairs (right) for comparison.
(B) Sankey diagram depicting the expression levels of 226 genes targeted in the CZECANCA panel in peripheral blood
(middle column) and their comparison to the skin (left column) and nasopharynx (right column). mRNA expression levels
were categorized as high (red), moderate (orange), low (green), and very low/no (grey). All targeted genes are shown in
the blood RNA (middle column). Only genes with increased expression in the skin and nasopharyngeal RNA (compared
to blood) are shown in the corresponding columns. Yellow text highlights 55 clinically relevant cancer predisposition
genes. (C) Mean absolute exon coverage of representative genes (two exons across 48 blood RNA samples from a single
run) from high (PTEN), moderate (BRCAI), low (BRCA?2), and very low/no (CDKN2A) expression categories (log mean
coverage expresses logarithmized normalized coverage per million for selected exons). (D—E) Analysis of biological
variability of 217 genes in 48 unrelated blood RNA samples analysed within a single representative sequencing run based
on gene expression. Nine/226 genes were excluded from the analysis (three monoexonic and six unexpressed genes).
(D) Unsupervised hierarchical clustering analysis of gene expression (rows) in individual RNA samples (columns). The
colour scale represents the logarithmic number of gene transcripts per million (Supplementary Table S4). (E) Tagwise
dispersion analysis of biological RNA replicates. The x-axis shows the gene expression (visualized as logarithmic mean
number of transcripts for each of the 217 genes), the y-axis shows the dispersion coefficient. The red line indicates a
dispersion of 0.215, a normal variability parameter for human RNA samples. (F) CZECANCA panel capture-based ex-
pression data (medians) in absolute (magenta) and normalized (blue) unique transcript counts compared to GTEx median
expression in blood RNA (grey), predominantly generated by RNA-seq.

not uniformly expressed (expressed in 0-2 of 48 anal-  that 193/217 (88.94 %) analysed genes did not exceed
ysed samples) and were excluded from the analysis. the biological variability threshold with a dispersion
Similarly, three monoexonic genes (PT7G2, FANCF, value <0.215, which has been reported as a normal av-
and CEBPA; missing exon-exon junctions required for  erage value for non-cancer human samples (McCarthy
the expression analysis) were also excluded from this et al., 2012; Yoon and Nam, 2017).

analysis. Next, we used tagwise dispersion analysis The majority of 25/217 (11.5 %) genes exceeding the
(Fig. 1E) to quantify the biological variability. It showed = normal variability belonged to the very low/no expres-
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sion group (18 transcripts: ALK, CCNDI, CDKNIC,
CDKN24, DMBTI, EGFR, ESR2, EYA2, GPC3, GRB7,
MET, MPL, TCLIA, TERT, TSHR, WTI, XRCC2,
ZNF365), and only seven were low (CDHI, EPCAM,
GADD454, MMPS8, MPL, MSRI) and moderately
(DMC1I) expressed transcripts (Supplementary Table
S5). Importantly, we did not identify significant biologi-
cal variability in 53 highly expressed genes. The highest
biological variability among the genes expressed in all
48 samples was observed for MMPS§ (Fig. 1E). Its ex-
pression was categorized as low, but in 7/48 (14.58 %)
samples it surprisingly scored in a high expression cat-
egory for an unknown underlying biological reason
(Supplementary Table S5).

In conclusion, transcripts of clinically relevant cancer
predisposition genes could be in the majority assessed
from blood RNA samples and other easily accessible
epithelial tissues (nasopharyngeal or skin), allowing
evaluation of additional genes of interest. Moreover,
RNA capture-based NGS enables evaluation of genes
with low expression in a particular tissue and surpasses
RNA-seq analyses of total RNA or mRNA for low ex-
pression transcript analysis in the order of magnitude
(Fig. 1F).

Analysis of identical libraries (prepared from 24 RNA
samples) in either NextSeq or NovaSeq instruments
showed excellent inter-instrument reproducibility for
mRNA level detection (r = 1; Fig. 2A). Further, we inde-
pendently prepared an NGS library duplicate (from
seven blood RNA samples) using the standard
CZECANCA panel protocol that also demonstrated
high inter-run reproducibility for the mRNA level detec-
tion (r = 1; Fig. 2B). High inter-capture reproducibility
for mRNA level detection (r = 0.97) was demonstrated
using 18 sample pre-libraries enriched with CZECANCA
(226 genes, 0.63 Mb) or HyperExome probes (43 Mb),
respectively (Fig. 2C). All tested technical parameters
confirmed a high reproducibility and low variability of
RNA-capture based NGS analysis.

Identification of splicing events is a major advantage
of RNA-based analysis. Gene expression of a wild-type
DNA allows identification of tissue-specific alternative
splicing events (exon skipping or retention or splice do-
nor/acceptor shifts). Therefore, a low coverage of alter-
natively skipped exons (in comparison to the reference
transcript) may be observed when analysing RNA from
a particular tissue type. Specifically, our analysis showed
that in the case of 7SC2 gene, a complete in-frame skip-
ping of the canonical exon 26 was observed in the blood
RNA, whereas exon 26 was included in a considerable
proportion of TSC2 transcripts from the nasopharynx
and skin (Fig. 3). Alongside the alternative exon 26 skip-
ping, an alternative splice acceptor shift in exon 27 (ex-
clusion of three bases at a NAGNAG site in the 5’ end of
exon 27; del27p) was present in mRNA from all analy-
sed tissues (Fig. 3, Supplementary Table S9A). Similar
splice acceptor shifts in NAGNAG sites were identified
as predominant alternative splicing events in BRCA1
mRNA del8p, del12p, and dell3p (also known as del8p,
dell3p, and del14p by the still used historical nomencla-
ture of BRCA 1 exons), present (mean) in 22.5 %, 7.5 %,
and 28.1 % of BRCAI blood RNA transcripts, respec-
tively (Supplementary Table S9B).

In contrast to alternative splicing, aberrant splicing
refers to a splicing event that occurs as a consequence of
DNA sequence variant. DNA variants localized at the
consensus splice sites (= 1, + 2) are generally highly
probably spliceogenic. However, exonic variants can
also affect pre-mRNA splicing. It has been shown, e.g.,
for variants affecting the last/penultimate nucleotide in
an exon. By RNA NGS, we correctly identified the aber-
rant splicing pattern in the presence of well-known spli-
ceogenic BRCA?2 variant ¢.8486A>G (Fig. 4A), and ab-
normally increased proportion of an alternative splicing
isoform in the presence of the CHEK?2 variant c.683G>A
(Fig. 4B).

RNA NGS can also reveal aberrant splicing events
resulting from the presence of deep intronic variants lo-
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Fig. 2. Technical reproducibility of the RNA-targeted sequencing approach: inter-instrument (A), inter-run (B), and inter-
capture (C). The x- and y-axes show the expression of particular genes (denoted as black dots), normalized to million

transcripts.

Note: data for the correlations of individual samples are available as Supplementary Tables S6-8 and Supplementary

Figures S1-2.
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calized outside the regions captured by NGS probes. As
an example in our dataset, RNA capture-based NGS
performed in a cancer patient who tested negatively by
panel NGS from DNA identified aberrant splicing
events in ATM mRNA that were reported by SCANVIS
as novel exons. Detailed analysis revealed three differ-
ent deep intron retentions resulting in the formation of
transcripts containing premature termination codons.
These were together present in 419/1351 (31 %) of the
annotated splicing events (Fig. 5; Supplementary Table
S9). In this patient, we further identified the presence of
109 unique unprocessed transcripts (82 % of unpro-
cessed ATM pre-mRNA) with guanine at position
¢.1899-123 instead of the reference adenine nucleotide
in the RNA sample. Detailed analysis of DNA NGS data
from paired DNA samples identified spliceogenic ATM
variant ¢.1899-123 A>G in heterozygous state within the
poorly covered intronic region, which was not annotated
in the routine DNA analysis due to its low quality.
These examples demonstrated the utility of parallel
DNA/RNA NGS for evaluating the biological signifi-
cance of rare VUS, identified by DNA analysis, or for
indicating the presence of deep intronic spliceogenic
DNA variants beyond the exonic targets of panel NGS.

Discussion

NGS is now a routine method for germline DNA ge-
netic testing. As the NGS technology continues to im-
prove through simplification of sequencing library prep-

aration, improved sequencing chemistry and reduced
cost per Gbp, other procedures, such as confirmation of
sample identity, confirmation of prioritized variants by
Sanger sequencing, or interpretation of the clinical sig-
nificance of detected VUS, become major constraints in
the diagnostic pipeline. These time-consuming and la-
bour-intensive activities can be significantly reduced by
using RNA capture-based NGS performed in parallel
with DNA analysis.

Confirmation of the germline variant or genotype
from a second sample (usually DNA) reduces the risk of
confusion, laboratory error, or sample identity mismatch
(Foretova et al., 2016; Deans et al., 2022). It is also re-
quired by stakeholders as part of good laboratory prac-
tice in many countries including the Czech Republic.
Parallel DNA/RNA NGS can verify both, correct sam-
ple identification and confirmation of variants of inter-
est. Previously published methods suggested the use of
internal standards or linkage disequilibrium analysis
(Javed et al., 2020). Our solution, based on calculating
the kinship coefficient for DNA-RNA pairs from the
same individual, convincingly discriminated between
matched and unmatched samples and represented a sim-
ple and fast approach that can be automated within the
bioinformatic pipeline.

The above-mentioned advantages of the RNA cap-
ture-based NGS approach in VUS classification for he-
reditary cancer predisposition were recently demon-
strated by Horton et al. (2022, 2024). The authors
implemented a capture panel targeting transcripts of 18
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nucleotide in exon 5 resulted in the loss of splice donor site, complete skipping of exon 5 (1.592 683del92), frameshift
and premature termination of translation (p.F199V{fs*6) with complete absence of the variant nucleotide at position ¢.683
within the transcript (right panel). Exon 5 skipping also occurred as alternative splicing and did not exceed 20 %, but was
present in 67.3 % of the transcripts in the sample with a heterozygous ¢.683G>A variant.

clinically relevant cancer predisposition genes in a high-
throughput diagnostic laboratory and showed that vari-
ant classification, based on parallel analysis of RNA
samples, impacted 1.3 % of individuals being tested.
Compared to the Horton studies, we decided to use a
much larger panel for RNA analysis. For practical rea-
sons, we chose the same panel CZECANCA as we rou-
tinely use for DNA analysis. Our approach reduced the

cost and turnaround time and provided information
about the transcripts for the full spectrum of analysed
genes (if expressed in the analysed tissue type). As we
have shown, the process is highly reproducible. It also
allows generation of a catalogue of normal splicing pat-
terns of genes of interest, which can be used to deter-
mine the natural splicing background. The described
combination of the alternative exon 26 skipping and
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splice acceptor shifts in TSC2, encoded by the 7SC2
gene (inactivated in patients with tuberous sclerosis 2;
TSC2), can serve as an example. Skipping of exon 26 in
the TSC2 mRNA has been previously reported as an al-
ternative splicing event that does not cause the TSC2
phenotype (Ekong et al., 2016). The splice acceptor
shifts in tandem NAGNAG sites, co-occurring in TSC2
mRNA alongside to exon 26 skipping, are common
events with variable (but usually low) functional impact
(Szafranski and Kramer, 2015; Hujova et al., 2021).
Other examples of NAGNAG sites could be found in
exons 8, 13, and 14 of BRCAI, where we also demon-
strated that RNA capture-based analysis can be used in
a quantitative manner. Our findings of splice acceptor
shift events for del8p, dell3p, and dell4p (in 22.5 %,
7.5 %, and 28.1 % of transcripts, respectively; Supple-
mentary Table S9B) were fully comparable to the fre-
quencies determined by Colombo et al. (2014) using
semi-quantitative capillary electrophoresis (~35 %, ~8 %,
and ~30 %, respectively) (Colombo et al., 2014) and by
Hojny et al. (2017) using multiplex PCR and NGS-
based analysis (28.1 %, 11 %, and 26.6 %, respectively).
Considering the low biological variability of indepen-
dent blood RNA samples, we can conclude that our

RNA capture-based NGS analysis provides quantita-
tively reproducible results.

The RNA capture-based NGS approach allows for se-
lective enrichment of transcripts of interest, enabling
successful analysis of poorly expressed genes (including
many cancer predisposition genes) or ultra-low input
samples (Curion et al., 2020). Compared to RNA-seq,
RNA capture-based NGS achieves much higher cover-
age of transcripts of interest at a fraction of the cost.
Analysis of the ¢.8486A>G variant in the BRCA2 gene
(with median expression in blood total RNA 0.2 TPM
according to GTEx Portal data; https://gtexportal.org)
demonstrated the feasibility of RNA capture-based NGS
to analyse splicing events in genes with low blood RNA
expression. Identical aberrant splicing profiles associat-
ed with the ¢.8486A>G BRCA?2 variant resulting in de-
letion of exon 19 have been described in several other
RNA studies (Houdayer et al., 2012; Acedo et al., 2015;
Kraus et al., 2017; Machackova et al., 2019).

An example of a novel variant associated with aber-
rant splicing and increased proportion of an alternative
splicing event is the ¢.683G>A variant (also known as
p.S228N) in the CHEK? gene. This variant has been re-
ported as a VUS in ClinVar (ID: 826658), not yet analysed
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at the RNA level. The mentioned substitution affects the
last nucleotide of exon 5 and we have shown that it
causes complete skipping of exon 5 (r.592 683del92),
frameshift, and premature termination of translation
(p.F199V{s*6). To further support that, the variant nu-
cleotide at position ¢.683 was not present in any of ca-
nonical transcripts including exon 5. Our analysis, the-
refore, clearly indicates that this apparently missense
CHEK? variant should be classified as a spliceogenic
pathogenic variant.

The precision and quantitative reproducibility of RNA
capture-based NGS were also demonstrated using ATM
variant ¢.1899-123A>G as an example. Using RT-PCR
with semi-quantitative capillary electrophoresis, Moles-
Fernandez et al. (2021) observed the same pseudoexons
(12A.1, 12A.2, and 12A.3) generated from a cryptic do-
nor splice site (created by the ¢.1899-123A>G transi-
tion), which in turn activated three different cryptic
splice acceptor sites (c.1899-213, ¢.1899-177, and
c.1899-174). Moles-Fernandez et al. detected a propor-
tional presence of exons 12A.1 and 12A.2 and a lower
proportion of exon 12A.3, but did not find the impaired
pre-mRNA processing observed in our analysis. Con-
sistent with our findings, the expression level of aber-
rantly spliced mRNA was lower than that of the wild-
type transcript. It raises the question whether c.1899-
123A>G only partially affects pre-mRNA splicing or
whether the aberrant transcripts containing premature
termination codons are partially degraded by nonsense-
mediated mRNA decay (NMD). This could be solved by
NMD inhibition; however, the procedure requires culti-
vation of lymphocytes prior to RNA isolation, which is
not feasible within the routine diagnostic setting.

The limitations of the RNA NGS approach mainly in-
clude the need for sufficient gene of interest expression
in the analysed tissue. In addition, the absence of aber-
rant splicing events in the presence of a suspected spli-
ceogenic DNA variant must be interpreted with caution
due to the possibility of loss of aberrant transcripts by
NMD. We also found that, in contrast to RNA-seq, the
capture-based analysis using the CZECANCA panel has
several poorly covered regions in 5’ untranslated exons
(e.g.,in APC, UIMCI, DICERI, or CYLD) that were not
targeted in the capture panel design.

In conclusion, we demonstrated the feasibility and ef-
fectiveness of the parallel DNA/RNA NGS approach
using an identical capture panel for the analysis of he-
reditary cancer predisposition. Our approach allows
confirmation of DNA variants from an independent
RNA sample (reducing the laborious Sanger confirma-
tory sequencing and limiting the risk of sample identity
mismatches), analysis of the impact of VUS on mRNA
processing, and discovery of unidentified DNA variants
with impact on the aberrant splicing pattern. Although
our work describes the use of parallel DNA/RNA cap-
ture-based NGS specifically within diagnosis of cancer
predisposition, this approach is universally applicable to
any genetic testing in general.
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