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A B S T R A C T

Constitutional variants in the RB1 gene predispose individuals to the development of Retinoblastoma (RB) and 
the occurrence of second tumors in adulthood. Detection of causal RB1 gene variants is essential to establish the 
genetic diagnosis and to performing familial studies and counseling. In our cohort of 579 Spanish RB patients, 
15% of cases suspected to have a genetic origin remained negative after traditional Sanger sequencing and 
Multiplex Ligation-dependent Probe Amplification (MLPA) of RB1 gene, likely due to the possibility of mosaicism 
or non-coding variants. A specific next-generation sequencing (NGS) gene panel was designed to analyze the 
complete sequence of the RB1 gene. While many familial RB cases showed variants through Sanger and MLPA, 
the analysis of 65 available sporadic RB patients using the NGS gene panel identified a causative variant in an 
additional 6 of 26 (23%) bilateral cases and 6 of 39 (15.4%) unilateral cases. Seven of these cases exhibited 
different degrees of mosaicism (26%, 20%, 15.8%, 8%, 6%, 5.9% and 3%) while 5 cases had heterozygous deep 
intronic variants, all of them previously described in RB patients. Additional cases with suspected variants, not 
detected in blood but present in tumor tissue, were also analyzed using NGS PCR amplicons, and mosaicism was 
confirmed in other 10 sporadic cases. Altogether, the use of NGS increased the diagnostic yield, particularly for 
patients with sporadic RB in 10 bilateral cases and in 12 unilateral cases.

1. Introduction

Retinoblastoma (RB; OMIM #180200) is an embryonic tumor of the 
retina that occurs in children before the age of five and presents in two 
forms of presentation, unilateral with involvement of one eye, or bilat
eral with both eyes affected. The onset of the disease is due to the 
biallelic inactivation of the RB1 gene (OMIM #614041), the first tumor 
suppressor gene identified, which is located on chromosome 13q14.2 
and consists of 27 exons distributed across 183 kb of genomic sequence. 
Retinoblastoma is the cause of 5% of childhood blindness and contrib
utes to childhood cancer deaths through second tumors in germline 

carriers (Kanski, 2010; Valverde et al., 2005). It has an incidence of 1 in 
18,000 live births and can occur as either a hereditary (40%) or sporadic 
(60%) disease (Alonso et al., 2006; Donaldson and Smith, 1989; 
Imperatore et al., 2018). Patients with familial, bilateral or multifocal 
forms are indicative of hereditary disease with risk of transmission to 
offspring, while patients with unilateral tumors are more likely to have 
the non-hereditary form of RB (Vogel, 1979a). Furthermore, patients 
with hereditary RB are at risk of developing second tumors in adulthood, 
mainly osteosarcomas, which are more aggressive and have a worse 
prognosis than retinoblastoma. Therefore, the detection of germline 
variants in the RB1 gene is crucial for these patients (Fujiwara et al., 
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2015; Marees et al., 2008).
Patients with RB can acquire variants in the RB1 gene during 

embryogenesis, leading to mosaicism. The existence of mosaicism in 
patients with RB was first described in 1979 by some authors (Carlson 
and Desnick, 1979; Vogel, 1979b), and later in 1998 Sippel et al. pub
lished that mosaicism occurs in 10% of families with RB, either in the 
proband or one of the proband’s parents (generally involving the 
paternal germ cell) (Biesecker and Spinner, 2013; Sippel et al., 1998). 
The detection of somatic mosaicism in families with RB has been facil
itated by the advent of massive sequencing techniques (NGS). Its 
application has led to an increase in the detection of mosaicism cases in 
RB patients (Amitrano et al., 2015; Rodríguez-Martín et al., 2020). 
Previously used techniques, such as Sanger sequencing, had low sensi
tivity and often failed to detect mosaicism, especially at low levels. NGS 
techniques have a high sensitivity and specificity, and offer an excellent 
opportunity to detect mosaicism (Chen et al., 2014; Grotta et al., 2015).

The incorporation of NGS into the study of RB is improving the 
identification of variants, especially in sporadic cases where the detec
tion success has traditionally been lower. In addition to mosaicism, this 
technique has enabled the detection of variants in regulatory or intronic 
regions in cases where no variant had been previously identified (Li 
et al., 2016; Zou et al., 2021).

In the present study we have performed an analysis of the distribu
tion and frequency of constitutional variants in a cohort of 579 Spanish 

RB patients RB (353 unilateral cases and 226 bilateral cases) initially 
studied using Sanger sequencing and MLPA techniques. Furthermore, 
we have applied an NGS gene panel including the entire sequence of RB1 
gene to detect mosaicism and variants in regulatory and intronic re
gions, thereby increasing diagnostic rates.

2. Materials and methods

2.1. Patients and clinical diagnosis

A cohort of 579 Spanish patients with RB was sent for genetic study 
from different hospitals in Spain, mainly Hospital La Paz (Madrid), 
Hospital Universitario Virgen Macarena (Sevilla) and Hospital Vall 
d’Hebron (Barcelona). The patients included 353 unilateral (339 spo
radic and 14 familial) and 226 bilateral (194 sporadic and 32 familial) 
(Fig. 1). Informed consent was obtained from the patients or their legal 
guardians. For the genetic diagnosis of the patients, DNA was extracted 
from blood samples using the QIAamp DNA Blood mini kit (QIAGEN) 
and the DNA concentration was determined using the NanoDrop 2000 
spectrophotometer (Thermo Scientific).

2.2. Sanger sequencing and MLPA copy number analysis

The 27 exons and adjacent intronic regions of RB1 gene were 

Fig. 1. Diagram showing the cohort of 579 patients, the techniques applied for their study and some of the results based on the phenotype and the type of variant 
identified. Unilateral Familial (UF); Bilateral Sporadic (BS); Unilateral Sporadic (US); Mutation (Mut); Not analyzed (N/A); Multiplex Ligation-dependent Probe 
Amplification (MLPA).
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analyzed by Sanger sequencing to identify single nucleotide variants 
(SNV), and by multiplex ligation-dependent probe amplification (MLPA) 
to analyze large deletions and duplications in the gene. PCR amplifica
tion of exons from 1 to 27 and their adjacent intronic regions using 
specific oligonucleotides (Table 1) and sequenced on an automatic 
sequencer (ABI PRISM 377 Applied Bio-Systems) by Sanger sequencing. 
SALSA MLPA KIT P047 RB1 (MRC-Holland, Amsterdam, The 
Netherlands) was used to identify deletions or duplications. The MLPA 
assay was performed according to the manufacturer’s protocol and the 
data were analyzed using the Coffalyser.Net™ software developed and 
supported by MRC-Holland.

2.3. Next generation sequencing (NGS-RB1 panel and amplicons)

Among the 579 cases included in this study, 80 cases were analyzed 
by NGS techniques (70 with NGS-RB1 panel and 10 with deep 
sequencing PCR amplicons). Two customized NGS-RB1 panels (Roche- 
NimbleGen and IDT) were used for the study of 70 patients with RB who 
did not have any variant detected by conventional techniques. The 
Roche-NimbleGen panel was used for the analysis of 38 patients (26 
unilateral and 12 bilateral) and the IDT panel for the study of 32 patients 
(16 unilateral and 16 bilateral). SeqCap EZ HyperCap (KAPA Hyper Prep 
Kit) was used to generate genomic DNA (gDNA) libraries for the Roche 
panel and xGen hybridization capture of DNA libraries (xGen DNA Li
brary Prep EZ Kit”) for the IDT panel. Libraries were sequenced directly 
with the MiSeq Illumina sequencing instrument. A high-performance 
visualization tool, Integrative Genomics Viewer (IGV), was used to re
view the results.

Additionally, we performed deep sequencing of PCR amplicons of 
specific regions, in 10 patients with RB (6 unilateral and 4 bilateral) 
suspected of having mosaicism after performing the Sanger sequencing 
study on DNA extracted from blood or tumor samples. PCR amplicons 
were subsequently sequenced using an Illumina MiSeq sequencer.

2.4. Bioinformatics analysis

Quality control of fastq files was performed with fastQC v0.11.8 (htt 
p://www.bioinformatics.babraham.ac.uk/projects/fastqc/), and any 
adapter sequences were removed using Trimmomatic v0.33 (Bolger 
et al., 2014), as well as low quality 3′ ends, reads shorter than 50 nu
cleotides and regions with quality lower than 20Q Phred33. The 
high-quality reads were then mapped against UCSC’s hg38 human 
genome (https://hgdownload.soe.ucsc.edu/goldenPath/hg38/bigZips/ 
analysisSet/) and UCSC’s hg19 human genome (https://hgdownload. 
soe.ucsc.edu/goldenPath/hg19/bigZips/analysisSet/) using the 
BWA-MEM aligner v0.7.12 (Li and Durbin, 2009) and Samtools v1.2 (Li 
et al., 2009) with default parameters. Mapping quality control was 
performed using Picard’s v1.140 (http://broadinstitute.github.io/pi 
card/) CalculateHsMetrics module. Aligned reads were processed with 
Samtools mpileup v1.2 and variants with an allele frequency higher than 
5% were extracted using VarScan’s v2.3.9 (Koboldt et al., 2012) mpi
leup2cns module. Variants were annotated using KGGSeq v1.2 (Li et al., 
2013). Finally, MultiQC v1.9 (Ewels et al., 2016) was used to generate 
summary statistics reports.

2.5. In silico analysis of intronic variants

Pathogenicity and the possible effect on splicing of intronic variants 
were evaluated in silico with SpliceAI to predict potential splicing im
pacts (SpliceAI Lookup (broadinstitute.org)) (Jaganathan et al., 2019).

2.6. Statistical analysis

The Chi-square test was used to estimate differences in the distri
bution of variant types among unilateral and bilateral cases. Statistical 
calculations were performed using GraphPad Prism v9.0 software 
(GraphPad Software, San Diego, CA, USA) and the level of significance 
was set at p < 0.05.

3. Results

3.1. Mutational spectrum of RB1 gene

Constitutional variants in the RB1 gene were initially studied using 
conventional Sanger sequencing and MLPA to detect the variants 
responsible for the disease in a cohort of 579 patients with RB. Applying 
both techniques, a pathogenic variant leading to a diagnosis was found 
in 263 patients (45.4%). Conversely, 316 patients (54.6%) did not show 
any variant using these conventional techniques, most of them being 
sporadic RB patients (Fig. 1).

Among cases with variants, 224 patients had SNVs (85.2%) and 39 
patients (14.8%) had large deletions of the RB1 gene, 25 of which were 
complete gene deletions (64%) and 14 were partial deletions affecting 
one or more exons (36%). The distribution of these SNV and gene de
letions along the gene is represented in Fig. 2. Some recurrent nonsense 
variants were found p.Arg320* in exon 10 was found in eleven unrelated 
cases; p.Arg445*, in exon 14, was identified in twelve cases; p.Arg255*, 
in exon 8 was identified in seven cases and p.Arg358* in exon 11 was 
identified in six cases. Table 2 describes 78 SNVs that have not been 
described previously in other studies by our group (Alonso et al., 2001, 
2005; Rodríguez-Martín et al., 2016, 2020). This table includes 8 vari
ants classified as variants of unknown significance (VUS) since there is 
not enough information to confirm their pathogenicity, although they 
had a low allelic frequency in GnomAD (MAF:<0.0001). Most of these 
VUS were non-coding or intronic variants (7 cases) and only one was a 
missense variant.

The distribution of variants based on tumor phenotype (bilateral or 
unilateral) revealed that bilateral RB exhibited a higher percentage of 
SNV than unilateral ones (Fig. 3A). In contrast, unilateral RB, either 
familial or sporadic, presented a higher percentage of large deletions of 

Table 1 
Oligonucleotides used for the amplification and sequencing of the 27 exons of 
the RB1 gene and adjacent intronic regions are shown. All oligonucleotides are 
designed based on the specific sequence of the RB1 gene (Homo sapiens (human) 
genome assembly GRCh38 (hg38) from Genome Reference Consortium).

Exon RB1 
Gene

Sequences Oligonucleotides 5’→ 3′

Forward Reverse

1 TTGTAACGGGAGTCGGGA CAACCCAGAATCCTGTCA
2 TTCACAGTAGTGTTATGTGC CAATTTCCTCTGGGTAATGG
3 CACTTTTAACATAGTATCCA CACAAAAGTCTATTGAGAG
4 AGTAGTGATTTGATGTAGAGC CTAACATTAAAAGGGAC
5 GAGAAAACTACTATGACTTCTAA CAAGATGTTTGAGATTATTCC
6 TGGAAAACTTTCTTTCAG GAATTTAGTCCAAAGGAA
7 ATACTCTACCCTGCGATT CTTAGAACCATGTTTGGTA
8 GTTATCCTTCTAATGAAA CATGCTCATAACAAAAG
9 TTGACACCTCTAACTTACC TAGACAATTATCCTCCCTC
10 GTGCTGAGAGATGTAATGA ACCTATATCAGTATCAACCT
11 TGGGTCAATCTATTTTCTA CTGAAACACTATAAAGCCA
12 GAGGCAGTGTATTTGAAGAT TTCAAGTTTCTTTGCCAAGATA
13 TTCAGTAGTTGTGGTTACCTA ATACGAACTGGAAAGATGC
14 TTCTAAAATAGCAGGCTCT CTTGATGCCTTGACCTC
15 CAATGCTGACACAAATAA TACTTACTTCTATAAAAAGAA
16 CTTTTTATAGAAGTAAGTA CTTCTCCTTAACCTCACAC
17 CTATTTCCTATGAGTCCG TGTTAAGAAACACCTCTC
18 TGACTTTTAAATTGCCACTGT GAATGTTACATTGCACTTATG
19 GTACAACCTTGAAGTGTA CATGATTTGAACCCAGT
20 GGAAAGAAAAGAGTGGTAG CAGTTAACAAGTAAGTAGG
21 TGAGCTCAGTATGGAAA CTATGTTATGTTATGGATA
22 TATGTGCTTCTTACCAGTCA CGAGGAATGTGAGGTATT
23 TCTAATGTAATGGGTCCAC CCCTCTCATTCTTTACTACT
24 GCTCATCTCTGCAAAATTGT GAGGTGTTTGAATAACTGCA
25 CCTTTGCCTGATTTTTGACA TGAGCCATTCTCACAACTTC
26 AGTAAGTCATCGAAAGCATC CGAAAAGACTTCTTGCAG
27 TCAGTTTGACATGAGCAT TCTGTGAGAGACAATGA
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the gene compared to bilateral patients.
Regarding the type of variant, the most frequent were loss of function 

variants, distributed as follows: 43% nonsense, 26% splice-site, 23% 
frameshift, and only 9% were missense variants. Among bilateral cases 
nonsense variants were more prevalent (46%), while for the unilateral 
patients, splice-site variants were predominant (36 %) (Fig. 3B).

The comparison between the distribution along the gene of SNVs 
detected in our study (224 cases) and those registered in Lohmann RB1 
database (3290 cases) showed a similar profile with a good correlation 
(r = 0.7348, p < 0.0001) (Fig. 3C). Exons with a high concentration of 
variants in the Lohmann RB1 database also showed a high frequency of 
variants in our study. However, a slightly higher mutational frequency 
was observed in exons 1, 2, 8, 9, 10, 11, 16 and 22, and a lower fre
quency was found in exons 17 and 18 in our series than in Lohmann RB1 
database.

3.2. Identification of variants by NGS-RB1 panel in patients with sporadic 
RB

A group of 65 patients with sporadic RB, comprising 39 unilateral 
cases and 26 bilateral cases, who had no variant detected by conven
tional methods and had available blood DNA was further analyzed using 
the NGS-RB1 gene panel to search for mosaic-level variants, and variants 
in intronic or regulatory regions.

As a result, in seven sporadic cases (two unilateral and five bilateral) 
we found variants with different degrees of mosaicism (Table 3). The 
variants c.2107-1G > T (Fig. 4) and c.1666C > T were detected with 6% 
and 8%, respectively, in unilateral patients. In bilateral patients, the 
variant c.763C > T; p.Arg255* was detected at 3%, the variant 
c.1389+2T > C was detected at 15.8%, the variant c.2092-2093del; p. 

Arg698Alafs*22 was detected at 5.9%, and the variant c.1363C > T; p. 
Arg455* was detected at 20% (Fig. 4), and the variant c.1333C > T; p. 
Arg445* was detected at 26%. As shown in Table 3, five of these variants 
were described in the Lohmann-LOVD-rb1-lsdb-RB (RB1) database 
several times, in patients with RB.

On the other hand, 5 rare deep intronic variants were detected in 4 
unilateral and 1 bilateral sporadic patient (Fig. 1). All of them are re
ported in the Lohmann-LOVD-rb1-lsdb-RB (RB1) in RB patients. More
over, one of these variants in intron 23 of the RB1 gene has been 
described as pathogenic in ClinVar database (ID number: 13096; RB1: 
NM_000321.3: c.2490-1398A > G) and was identified in a sporadic 
bilateral patient. Variants located in intron 6 (RB1: NM_000321.3: 
c.608-91T > C) and intron 18 (RB1: NM_000321.3: c.1815-104A > G) of 
the RB1 gene were found in genomic databases (GnomAD) with a MAF 
frequency ≤0.005. The other 3 variants located in intron 18 (RB1: 
NM_000321.3: c.1814 + 72T > G), intron 23 (RB1: NM_000321.3: 
c.2490-1398A > G) and intron 24 (RB1: NM_000321.3: c.2520 + 1393T 
> C) have no population frequency data (Table 4). In silico analysis of the 
effect of intronic variants using SpliceAI showed no clear effect. All 
intronic variants were present at nearly 50% of heterozygosity.

3.3. Deep sequencing of PCR amplicons confirmed mosaicism in suspected 
cases with sporadic RB

Deep sequencing of PCR amplicons was performed on 10 sporadic 
cases: 6 unilateral cases and 4 bilateral cases, with signs of possible 
mosaicism. Analysis using deep sequencing of the blood DNA of the 
variant identified in the tumor detected different degrees of mosaicism 
(Table 5).

In a sporadic bilateral patient, a pathogenic nonsense variant was 

Fig. 2. Mutational spectrum along the RB1 gene (27 exons and 26 introns) in 263 Spanish patients. A) In the central part of the figure, the 27 exons of the RB1 gene 
are shown in black boxes and the promoter with an orange triangle. The upper part shows the nonsense (pink circle), frameshift (green circle) and missense (blue 
circle) variants, the lower part those of splice (yellow circle) and promoter (triangle). SNV in each of the exons and introns (RB1 protein) are shown. Recurrent 
variants are marked in red, indicating the number of patients in parentheses. B) Large deletions in the RB1 gene. The number of patients with the deletion is indicated 
in parentheses on the left and the exons included in the deletion on the right. (For interpretation of the references to colour in this figure legend, the reader is referred 
to the Web version of this article.)
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Table 2 
The following table shows 78 variants of the 263 detected by conventional techniques in the cohort of 579 Spanish patients. Sporadic Bilateral (BS), Sporadic Unilateral (US), Familial Bilateral (BF), Familial Unilateral 
(UF). Not applicable (#), Not described (− ). GnomAD Frequency (f). Classification in ClinVar Variation: Conflicting classifications of pathogenicity (C), Pathogenic (P), Likely Pathogenic (LP), Likely Benign (LB), and 
Variant of Uncertain Significance (VUS). SpliceAI scores: delta scores range from 0 to 1 and can be interpreted as the probability that the variant affects splicing at any position within a window around it ( ± 500bp by 
default), Acceptor (A), Donor (D), Loss (L), Gain (G) and Splice (S). In the SpliceAI paper (Jaganathan et al., 2019), a detailed characterization is provided for 0.2 (high recall), 0.5 (recommended), and 0.8 (high precision) 
cutoffs. (Homo sapiens (human) genome assembly GRCh38 (hg38) from Genome Reference Consortium).

ID Phenotype Variant description Genome position 
(hg38)

Variant description 
(NM_000321.3)

Exon/ 
Intron

Protein Effect Variant 
Type

Lohmann-LOVD-rb1 
Nº cases

ClinVar 
Variation

Author’s 
classification

Splice AI 
Scores

GnomAD (f)

1 BS 13:48303928 C > T c.16 C > T Ex 1 p.Pro6Ser missense – C VUS # 0.00004604
2 BS 13:48303932–48303933 dup c.20-21 dup Ex 1 p.Lys8Glufs*58 frameshift – P P # –
3 US 13:48303931 C > T c.19 C > T Ex 1 p.Arg7* nonsense 1 P P # 0.000000736
4 BS 13:48303957–48303982 del c.45-70 del Ex 1 p.Glu19Profs*3 frameshift 1 – P # –
5 BS 13:48303958–48303977 dup c.46-65 dup Ex 1 p.Pro25Argfs*47 frameshift – – P # –
6 US 13:48303964–48303995 del c.52-83 del Ex 1 p.Ala18Serfs*2 frameshift – – P # –
7 US 13:48303967 G > T c.55G > T Ex 1 p.Glu19* nonsense – P P # –
8 UF 13:48303978–48304001 dup c.66-89 dup Ex 1 p. 

Pro23_Glu30dup
frameshift – – P # –

9 BS 13:48303995 dup c.83 dup Ex 1 p.Pro29Serfs*2 frameshift 1 – P # –
10 BS 13:48304003 G > T c.91 G > T Ex 1 p.Glu31* nonsense 1 – P # –
11 BS 13:48304036 del c.124 del Ex 1 p.Leu42Cysfs*23 frameshift 1 – P # –
12 BS 13:48304049 G > A c.137 G > A Ex 1 p.Arg46Lys missense 7 P P # –
13 BS 13:48307359–48307362del c.217-220 del Ex 2 p.Arg73Leufs*3 frameshift 1 P P # –
14 BS 13:48307367 G > A c.225 G > A Ex 2 p.Trp75* nonsense 2 – P # –
15 BS 13:48342617 A > T c.283 A > T Ex 3 p.Lys95* nonsense 1 P P # –
16 BS 13:48362868–48362872del c.769-773 del Ex 8 p. 

Asn258Glufs*11
frameshift – P P # –

17 BS 13:48362957 G > C c.861 G > C Ex 8 p.Glu287Asp missense 3 P P # –
18 BF 13:48364914–48364917del c.882-885 del Ex 9 p.Lys294Asnfs*6 frameshift – – P # –
19 BS 13:48364951 del c.919 del Ex 9 p. 

Thr307Hisfs*25
frameshift – – P # –

20 BS 13:48367537 dup c.983 dup Ex 10 p.Asn328Lysfs*2 nonsense 1 P P # –
21 BS 13:48367558 T > A c.1004 T > A Ex 10 p.Leu355* nonsense 1 – P # –
22 BF 13:48373443 T > G c.1166 T > G Ex 12 p.Leu389* nonsense – – P # –
23 UF 13:48377033 A > G c.1331 A > G Ex 13 p.Gln444Arg missense 3 – P # –
24 BF 13:48379594 C > T c.1333 C > T Ex 14 p.Arg445* nonsense 79 P P # –
25 BS 13:48379599 C > A c.1338 C > A Ex 14 p.Tyr446* nonsense 1 P P # –
26 BS 13:48380078 dup c.1415 dup Ex 15 p.Asn472Lysfs*3 frameshift – – P # –
27 BS 13:48380215 T > C c.1472 T > C Ex 16 p.Leu491Pro missense – – LP # –
28 US 13:48380237 T > G c.1494 T > G Ex 16 p.Tyr498* nonsense 4 P P # –
29 BS 13:48380239–48381251 del c.1496-1503 del Ex 16 p.Ser499Asnfs*6 frameshift – – P # –
30 US 13:48381419 C > T c.1671 C > T Ex 17 p.Arg552* nonsense – – P # –
31 BS 13:48453055 del c.1758 del Ex 18 p. 

Glu587Asnfs*24
frameshift – – P # –

32 BS 13:48459781–48459782 del c.2054–2055 del Ex 20 p.Gln685Profs*6 frameshift – – P # –
33 BS 13:48459797 dup c.2070 dup Ex 20 p.Glu691* nonsense – – P # –
34 BS 13:48459823 A > T c.2096 A > T Ex 20 p.Arg696* nonsense – – P # –
35 BS 13:48463791 dup c.2167 dup Ex 21 p.Ile723Asnfs*28 frameshift 1 – P # –
36 BS 13:48463805del c.2181 del Ex 21 p. 

Tyr728Thrfs*16
frameshift – – P # –

37 BF 13:48463806–48463807 dup c.2182-2183 dup Ex 21 p. 
Tyr728Leufs*23

frameshift – – P # –

38 US 13:48465003–48465013 del c.2215-2225 del Ex 22 p.Lys740Aspfs*7 frameshift – – P # –
39 BS 13:48465045–48465046 dup c.2259-2260 dup Ex 22 p. 

Val754Glufs*12
frameshift – – P # –

40 BS 13:48465209 dup c.2330 dup Ex 23 p.Thr778fs*17 frameshift 1 – P # –
41 BS 13:48465210 del c.2331 del Ex 23 p. 

Thr778Profs*32
frameshift 1 – P # –

(continued on next page)
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Table 2 (continued )

ID Phenotype Variant description Genome position 
(hg38) 

Variant description 
(NM_000321.3) 

Exon/ 
Intron 

Protein Effect Variant 
Type 

Lohmann-LOVD-rb1 
Nº cases 

ClinVar 
Variation 

Author’s 
classification 

Splice AI 
Scores 

GnomAD (f)

42 US 13:48465368 G > T c.2489 G > T Ex 23 p.Arg830Ile missense 1 – P # –
43 BS 13:48476716 C > T c.2536 C > T Ex 25 p.Gln846* nonsense 2 P P # 0.00000658
44 BS 13:48304051 T > C c.137 + 2 T > C In 1 # splice 1 – P DL 0.32 –
45 US 13:48304094 C > T c.137 + 45 C > T In 1 # splice – – VUS DL 0.01 0.00006542
46 BS 13:48307410 A > G c.264 + 4 A > G In 2 # splice 1 – P SL 0.12 –
47 BF 13:48342717 A > T c.380 + 3 A > T In 3 # splice 2 P P AL 0.39 –
48 BS 13:48345079 G > T c.381-1 G > T In 4 # splice 1 – P AL 1.00 –
49 BS 13:48348936 G > C c.540-20 G > C In 5 # splice – LB VUS 0 –
50 BS 13:48362958 G > A c.861 + 1 G > A In 8 # splice 1 P P DL 1.00 –
51 BS 13:48364865 T > C c.862-29 T > C In 8 # splice – – VUS 0 0.0001690
52 BF 13:48367493 G > A c.940-1 G > A In 10 # splice 1 P P AL 0.98 –
53 BS 13:48368525–48368529 del c.1050-2_1052del In 10 # splice – – P AL 0.97 –
54 UF 13:48373493 G > T c.1215 + 1 G > T In 12 # splice 1 P/LP P DL 0.98 –
55 US 13:48373514 A > G c.1215 + 22 A > G In 12 # splice – – VUS 0 0.00000657
56 BS 13:48376916 A > G c.1216-2 A > G In 12 # splice – P P AL 1.00 –
57 US 13:48377035 G > T c.1332 + 1 G > T In 13 # splice 1 P P AL 0.97 –
58 BF 13:48379592 A > C c.1333-2 A > C In 13 # splice 3 – P AL 0.96 –
59 BS 13:48379592 A > G c.1333-2 A > G In 13 # splice – P P AL 0.96 –
60 BS 13:48373493 G > A c.1215 + 1 G > A In 14 # splice 64 P P DL 0.98 –
61 BS 13:48456354 G > C c.1960 + 5 G > C In 19 # splice 1 P P DL 0.40 –
62 US 13:48459651 G > C c.1961-37 G > C In 19 # splice – – VUS 0 0.000008074
63 BS 13:48459685 C > G c.1961-3 C > G In 20 # splice 1 – P AL 0.97 –
64 US 13:48476881 T > A c.2663 + 38 T > A In 25 # splice – – VUS 0 0.00006910
65 US 13:48303876 C > A c.-37C > A Prom. # promoter – # VUS # 0.0000617
66 BF # # Ex13- 

Ex14
# del – # # # #

67 UF # # Ex13- 
Ex21

# del – # # # #

68 US # # Ex16 # del – # # # #
69 BS # # Ex18- 

Ex25
# del – # # # #

70 US # # Ex01- 
Ex16

# del – # # # #

71 BS # # Ex01- 
Ex18

# del – # # # #

72 BS # # Ex01- 
Ex02

# del – # # # #

73 BS # # Ex02 # del – # # # #
74 BF # # Ex22- 

Ex23
# del – # # # #

75 BF # # Ex24- 
Ex27

# del – # # # #

76 BS # # Ex03- 
Ex17

# del – # # # #

77 BS # # Ex05- 
Ex06

# del – # # # #

78 BS # # Ex06 # del – # # # #
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suspected by Sanger sequencing in exon 3 (NM_000321.3.3: c.277C > T; 
p.Gln93*) (Fig. 5A). The analysis of DNA isolated from tissues of the 
three embryonic layers of the patient, blood (mesoderm), saliva 
(mesoderm), urine (endoderm/mesoderm) and hair bulbs (ectoderm) 
showed mosaicism in the patient. The variant was found at different 
rates of mutant/reference alleles, being in 30% in blood (41.901/96.766 
reads), 9% in saliva (8.524/28.676 reads), 23% in urine (9.815/136.862 
reads) and 7% in hair bulbs (12.957/131.011 reads), confirming the 
mosaicism. This variant is described once in the Lohmann RB1 database.

Two bilateral sporadic patients showed blood mosaicism of the 
variants detected in the tumor. The percentages of mosaicism were 8% 
in a case with a frameshift variant (p.Pro374Argfs*2), and 35% in a case 
with a nonsense variant (p.Arg320*), both described in other patients 
with RB (Lohmann RB1 database).

Another patient with sporadic bilateral RB showed in the Sanger 
sequencing a possible deletion in low proportion in exon 16 
(NM_000321.3.3: c.1450-1451del; Met484Valfs*8) (Fig. 5B). Deep 
sequencing revealed a proportion of 12% of the mutant allele in pe
ripheral blood DNA (23.682/198.016 reads). This variant is also 
described once in the Lohmann RB1 database.

In another patient with sporadic unilateral RB, the two variants 
responsible for the RB were identified in the patient’s tumor sample. One 

variant was a 5 nucleotides deletion in exon 22 (NM_000321.3.3: 
c.2235-2239del; p. Glu746Glyfs*3) (Fig. 5C), and the second variant 
was a deletion in the 5′ proximal region of the RB1 gene detected by 
MLPA. None of these alterations were detected in the peripheral blood 
DNA by Sanger sequencing. Exon 22 was analyzed in blood DNA by deep 
sequencing, obtaining a 1% mosaicism in blood (22/2.000 reads). In 
addition, another unilateral sporadic patient was detected with a 4% 
mosaicism, presenting a frameshift variant (p.Met825Lysfs*10) in exon 
23 of the RB1 gene has not been previously described. The remaining 
sporadic unilateral patients studied with deep sequencing amplicons 
showed different degrees of mosaicism in blood (12–33%) and variants 
were also previously described in the Lohmann RB1 database and in 
ClinVar as pathogenic.

4. Discussion

Thanks to the increased sensitivity of new sequencing technologies, 
mosaicism can now be easily detected, even when it occurs in very low 
levels (Grotta et al., 2015; Gudiseva et al., 2019). The identification of 
mosaicism in patients with RB is of highly significant, as it can improve 
genetic counseling for families (Amitrano et al., 2015). Moreover, the 
use of an RB1 panel that includes the complete sequence of the gene 

Fig. 3. Distribution of 263 variants according to phenotype in Spanish patients. A) Frequency of SNV and deletions of the RB1 gene. B) Frequency of distribution by 
type of variant in all patients and by phenotype (unilateral and bilateral). Statistically significant differences were observed between sporadic bilateral and sporadic 
unilateral P = 0.0069 (Chi-square test). C) Comparison between the SNV distribution of patients in the Spanish database (224 cases) and those in the Lohmann 
database (RB1) (3290 cases) shows a similar profile with a good correlation (r2 = 0.7348, p < 0.0001).

Table 3 
The different degrees of mosaicism of 2 sporadic unilateral and 5 sporadic bilateral patients studied with a panel of NGS-RB1 are shown. Ŧ: The variant c.2107G > A is 
described 3 times (pathogenic in ClinVar) and c.2107G > C (likely pathogenic in ClinVar) once in LOVD-Lohmann. US: Sporadic unilateral, BS: sporadic bilateral. (− ) 
Not described. (Homo sapiens (human) genome assembly GRCh38 (hg38) from Genome Reference Consortium).

Clinical 
Diagnosis 
(IDLab)

Variant NGS-RB1 Panel RB1: 
NM_000321.3 Genome position 

(hg38)

Protein RB Variant Exon/ 
Intron RB1Type

% Mosaicism 
NGS-RB1 Panel

Reads NGS-RB1 
Panel REF/ALT

ClinVar 
Variation (ID)

Lohmann-LOVD- 
rb1 Nº of cases

BS (4723) c.763C > T (13:48362859) p.Arg255* Ex 8 (nonsense) 3 11231/33 Pathogenic 
(126820)

46

BS (2993) c.1363C > T (13:48379624) p.Arg455* Ex 14 (nonsense) 20 1052/211 Pathogenic 
(126837)

62

BS (3063) c.1389+2T > C (13:48379652) – In 14 (splice) 15.8 1032/164 – 2
BS (3713) c.2092_2093del (13:48459818) p. 

Arg698Alafs*22
Ex 20 (frameshift) 5.9 3841/229 – –

BS (0033) c.1333C > T (13:48379594) p.Arg445* Ex 14 (nonsense) 26 380/100 Pathogenic 
(126837)

79

US (3723) c.2107-1G > T (13:48463730) – In 20 (splice) 6 41164/2729 Likely 
pathogenic 
(428698)

Ŧ

US (5863) c.1666C > T (13:48381414) p.Arg556* Ex 17 (nonsense) 8 43807/3585 Pathogenic 
(13090)

49

G. Gomez-Mariano et al.                                                                                                                                                                                                                      Experimental Eye Research 251 (2025) 110233 

7 



(including exons, regulatory regions and introns) has allowed the 
identification of variants that remained undetected in some patients. 
The possibility of finding new causal variants in deep intronic regions is 
challenging, but it would significantly influence the diagnostic rates of 
RB patients. However, establishing the functional relevance of rare 
intronic and regulatory variants is challenging and must be addressed by 
specific experimental validation.

Analysis of our cohort of 579 Spanish RB patients using conventional 
Sanger sequencing and MLPA techniques allowed us to identify the 
causative variant in 45.4% of patients. This success rate is consistent 
with those obtained in other studies of RB patients RB (Mendonça et al., 

2022; Valverde et al., 2005). In our study, using Sanger/MLPA tech
niques, pathogenic variants were identified in 196/226 (86.7%) of 
bilateral cases and in 68/353 (19%) of unilateral cases. These results are 
similar to other studies, with variants detected in 80–85% of bilateral 
patients and 10–15% in unilateral patients (Kugalingam et al., 2023). 
Analysis of the distribution by type of variant also revealed agreement 
with other studies (Dommering et al., 2014; Harbour, 1998), where 
nonsense variants were the most frequent variants (43%). Although 
variants are distributed throughout the RB1 gene, this study and pre
vious research by our group identified recurrent variants in exons 1, 8, 
10, 11, 14, 17, 18, 19, 20 and 23 that could be considered hotspots in our 

Fig. 4. Zoom images of variant mapped reads from two sporadic patients with mosaicism are shown. A) Patient Lab ID 3723 (unilateral), hg38/GRCh38 
cr13:48463730 (intron 20 RB1 gene): c.2107-1G > T, 6% mosaicism. B) Patient Lab ID 2993 (bilateral), hg38/GRCh38 cr13:48379624 (exon 14 RB1 gene): c.1363C 
> T; p. Arg455*, 20% mosaicism.

Table 4 
Deep intronic variants detected by the NGS-RB1 panel in sporadic RB patients. US Sporadic unilateral, BS: sporadic bilateral. (− ) Not described. (Homo sapiens (human) 
genome assembly GRCh38 (hg38) from Genome Reference Consortium).

Clinical 
Diagnosis 
(IDLab)

Variant NGS-RB1 Panel RB1: 
NM_000321.3 (Genome 

Position hg38)

Intron 
RB

% 
Heterozygosity

Reads NGS- 
RB1 Panel 
REF/ALT

Allelic Frequency 
GnomAD (MAF)

Spanish Variant 
Server Frec. 

(MAF)

1000G ALL/ 
EUR (MAF)

Lohmann- 
LOVD-rb1 Nº of 

cases

US (4673) c.608-91T > C (13:48359926) In6 46,6 538/470 0,001 0,005 0,001/ 
0,002

1

US (5523) c.1815-104A > G 
(13:48456100)

In18 51,3 650/684 0,0031 0,005 0,054/ 
0,008

1

US (3623) c.1814 + 72T > G 
(13:48453183)

In18 46,6 789/688 0,00016 – – 1

US (5413) c.2520 + 1393T > C 
(13:48474783)

In24 48,8 717/682 – – – 1

BS (3533) c.2490-1398A > G 
(13:48471962)

In23 49,2 1380/1335 – – – 2
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population. Moreover, a concentration of recurrent splice variants was 
identified in introns 6, 12, 13, 14, and 24, which constituted 19% of all 
identified intron variants. Our results are consistent with those reported 
by other authors (Valverde et al., 2005). It is important to be aware of 
these population specific hot spots that may facilitate interpretation and 
counseling.

According to the phenotype, unilateral RB patients have a higher 
frequency of complete or partial deletions of the RB1 gene compared to 
bilateral patients, who contain a greater number of SNV (Alonso et al., 
2006). The combination of the different genetic techniques was impor
tant to improve diagnostic success. The causal variant was detected in 

100% of bilateral familial cases and in 84.5% of bilateral sporadic cases, 
while in unilateral RB, the percentage was lower, especially in sporadic 
cases, with 17.1%, since they are mostly cases in which the variant 
occurred somatically in the retina.

However, in bilateral cases in which a variant has not been detected, 
mosaicism or non-coding variants might be suspected. It has also been 
described that causal variants occur because of biallelic inactivation of 
RB1 by epigenetic mechanisms (Greger et al., 1989; Singh et al., 2016).

The use of NGS gene panel for RB genetic diagnosis allowed us to 
detect variants with mosaicism in 10% of analyzed cases, and deep 
intronic variants in 7.1% of cases, which is in agreement with other 

Table 5 
The different degrees of mosaicism in blood of 6 sporadic unilateral and 4 sporadic bilateral patients studied with deep sequencing are shown. US: sporadic unilateral, 
BS: sporadic bilateral. (− ) Not described. (Homo sapiens (human) genome assembly GRCh38 (hg38) from Genome Reference Consortium).

Clinical 
Diagnosis 
(IDLab)

Variant NGS-RB1 Panel RB1: 
NM_000321.3 Genome position 

(hg38)

Protein RB Variant Exon/ 
Intron RB1 (Type)

% Mosicism 
NGS-RB1

Reads NGS- 
RB1 REF/ALT

ClinVar 
(Variation ID)

LOVD 
Lohmann 
Nºcases

BS 
(413)

c.1450_1451del (13:48380172) p.Met484Valfs*8 Ex 16 (frameshift) 12 198016/23682 Pathogenic 
(855427)

7

US 
(733)

c.2235_39del (13:48465000) p.Glu746Glyfs*3 Ex 22 (frameshift) 1 2000/22 – –

US (1163) c.1215+1G > A (13:48373472) – In 12 (splice) 33 1730/859 Pathogenic 
(126832)

64

BS (1593) c.1121_1122del (13:48368577) p.Pro374Argfs*2 Ex 11 (frameshit) 8 2332/200 – 3
BS (1603) c.958C > T (13:48367491) p.Arg320* Ex 10 (nonsense) 35 1344/728 Pathogenic 

(126824)
113

US (2223) c.2359C > T (13:48465217) p.Arg787* Ex 23 (nonsense) 16 914/173 Pathogenic 
(13073)

68

US (2593) c.2474_2481del (13:48465332) p. 
Met825Lysfs*10

Ex 23 (frameshift) 4 2236/93 – –

US (3543) c.1981C > T (13:48459687) p.Arg661Trp Ex 20 (missense) 17 1887/374 Pathogenic 
(13087)

35

US (3843) c.1363C > T (13:48379603) p.Arg455* Ex 14 (nonsense) 12 502/69 Pathogenic 
(126837)

62

BS (4803) c.277C > T (13:48342590) p.Gln93* Ex 3 (nonsense) 30 96766/41901 Pathogenic 
(428746)

1

Fig. 5. Electropherograms of Sanger sequencing: A) Bilateral sporadic patient (blood DNA): exon 3 of RB1 gene, NM_000321.3: c.277C > T, p.Gln93*. B) Bilateral 
sporadic patient (blood DNA): exon 16 of RB1 gene, NM_000321.3: c.1450_1451del, Met484Valfs*8. C) Unilateral sporadic patient (tumor DNA): exon 22 of RB1 
gene, NM_000321.3: c.2235_2239delAGAAG; p. Glu746Glyfs*3.
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studies (Devarajan et al., 2015; Le Gall et al., 2021). Regarding the RB 
subtypes, bilateral sporadic RB patients showed the rate of mosaicism of 
19.2% of the cases. The RB1-panel also proved useful for detecting one 
intronic pathogenic variant. In our study, this approach resolved 23% of 
bilateral cases with mosaic or intronic variants. This indicates that all 
bilateral RB patients without detected variants should undergo further 
analysis using the NGS panel. In the case of sporadic unilateral cases, an 
improvement in the diagnosis was also observed, mainly due to the 
detection of 5.1% of cases with mosaicism and additional 10.3% of cases 
with intronic variants RB. This finding indicates that intronic variants 
could also be causing the disease, and they should be functionally 
characterized. Furthermore, the detection of mosaicism in this group 
reinforces the importance of using the RB1-panel also in unilateral cases. 
On the other hand, application of deep sequencing of PCR amplicons was 
very useful to confirm suspected mosaicism, or when a variant identified 
in the tumor is not detected by Sanger sequencing in blood samples.

In conclusion, our work describes the variant landscape in Spanish 
RB patients and highlights hotspots in specific exons and introns of the 
RB1 gene. The use of the NGS RB1-panel in sporadic RB cases without 
previously identified variant allowed to find new variants in 23% of 
bilateral cases and 15.4% of unilateral cases. It is important to extend 
the mutational analysis outside the exons since some causal intronic 
variants were demonstrated. Detecting mosaicism through NGS tech
niques has direct implications for family genetic counseling, and 
improved patient management.
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