
Retinoblastoma (Rb) is a malignant tumor of the devel-
oping retina that occurs in children, usually before the age of 
five years, and it causes childhood blindness [1]. According 
to the World Health Organization (WHO), the average age-
adjusted incidence rate of Rb in the United States and Europe 
is 2–5 cases per million children (approximately 1 in 14,000–
18,000 live births) [2]. As per the latest National Cancer 
Registry Program (NCRP) report, in India, the age-adjusted 
rates of Rb incidence are estimated to be 1.9–12.3 and 1.3–6.7 
per million in boys and girls, respectively [3]. Due to its early 
age of occurrence and the risk of second cancers (soft tissue 
sarcomas, osteosarcomas, and melanomas) at later stages of 
life, early molecular diagnosis and treatment options must be 
considered for better management of the disease [4,5].

India has the highest number of Rb cases, where almost 
20% of the world’s Rb patients reside in India [4]. In devel-
oped countries, children with Rb have a disease-free survival 

rate greater than 90%, compared to developing nations, where 
it is substantially lower, at 10–30% [6,7]. As with other 
developing countries, late diagnosis, lack of awareness, and 
the inaccessibility of specialized care are the major reasons 
for tumor metastasis in India [4]. The burden of Rb on the 
Indian health care system has been steadily increasing, thus 
stressing the need for cost-effective methods for early detec-
tion, surveillance, and disease management.

Rb is a tumor that occurs in both heritable (25–30%) and 
non-heritable (70–75%) forms. A heritable disease is defined 
by the presence of a germline mutation in the RB1 gene (Gene 
ID: 5925, OMIM 614041), which is followed by a somatic 
mutation in the developing retina. It can result in tumors 
affecting either one (unilateral) or both (bilateral) eyes. In 
the non-heritable form of Rb, both mutations occur in the 
somatic cells, leading only to unilateral tumors [8]. Usually, 
a familial, bilateral, or multifocal disease is suggestive of a 
heritable disease, whereas older children with a unilateral 
tumor are more likely to have the non-heritable form of the 
disease [9].
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In India, the few studies that have been conducted to 
determine the prevalence of RB1 mutations in various Indian 
cohorts reported mutation detection rates ranging from 33% 
to 85% for both unilateral and bilateral cases [10-14]. In one 
of the first studies in India, Ata-ur-Rasheed et al. screened 
21 patients with Rb using the Sanger sequencing method and 
identified RB1 mutations in seven patients, and the muta-
tion detection rate was 33.3% [11]. In another study, Kiran 
et al. screened 47 patients by single-strand conformation 
polymorphism (SSCP) followed by sequencing and reported 
a mutation detection rate of 46% [13]. The screening of a 
relatively large cohort of 74 patients using a combinatorial 
approach including fluorescent quantitative multiplex PCR, 
fluorescent genotyping, restriction fragment length polymor-
phism (RFLP), and sequencing, Ali et al. reported a detection 
rate of 66% [10]. In a recent study, Deverajan et al. screened 
33 patients from Southern India by targeted next-generation 
sequencing (NGS) and reported a mutation detection rate of 
85% [12]. Collectively, from these studies, it is evident that 
there is a high variability in the reported detection rates of 
RB1 mutations in various Indian cohorts.

The RB1 gene shows a wide spectrum of mutations, 
including single nucleotide variations (SNVs), small inser-
tions/deletions (indels), and large deletions/duplications. 
These mutations are distributed throughout the entire length 
of the gene, spanning 27 exons, and no hotspots have been 
reported. Conventional genetic testing of the RB1 gene 
involves screening of all 27 exons and the flanking intronic 
regions by Sanger sequencing, followed by a deletion/duplica-
tion analysis by multiplex ligation-dependent probe amplifi-
cation (MLPA). This sequential testing strategy performed 
in a reflex-testing mode is time consuming and expensive. 
New advances in genomic technologies, such as NGS, allow 
us to detect all types of variants, such as SNVs, indels, and 
structural variants, including large deletions/duplications, 
at a significantly lower cost than traditional methods. In the 
current study, we used an improved NGS-based method to 
screen the RB1 gene in the DNA isolated from blood or saliva 
samples from an Indian Rb cohort (50 cases) and detected 
all types of germline mutations, including large deletions 
ranging from a single exon to a whole gene (>178 kb) dele-
tion. Moreover, we report a mutation detection rate of 100% 
in bilateral Rb (22) cases.

METHODS

Clinical diagnosis and patients: Saliva or peripheral blood 
samples were obtained from 50 unrelated patients with an 
indication of Rb referred to our laboratory between March 
2014 and January 2016. Informed consent was obtained from 

all subjects and sequencing of the patients’ samples for this 
study was approved by the Institutional Ethics Committee 
of Strand Life Sciences. A clinical diagnosis of Rb was 
confirmed through a clinical examination conducted by 
the referring ophthalmologist. There were 20 patients with 
unilateral Rb, 22 patients with bilateral Rb, and 8 patients 
with unavailable information on laterality.

DNA was extracted from saliva samples using the 
PrepIT-L2P kit (DNA Genotek, Canada), as per the manu-
facturer’s instructions. For blood samples, either the QIAamp 
DNA Mini Kit (Qiagen, Germany) or the Nucleospin kit 
(Macherey-Nagel, Germany) was used for DNA isolation, 
as per the manufacturer’s instructions. The concentration 
of DNA was determined using the Qubit fluorimeter (Life 
Technologies).

Library preparation and targeted NGS: Targeted NGS was 
performed on patient genomic DNA using the Trusight 
Cancer sequencing panel (Illumina) that contains 1,736 
genomic regions from 94 genes suspected of having a role in 
cancer predisposition, including the RB1 gene. An analytical 
validation of our panel has shown a sensitivity of 98.2%, 
specificity of 100%, and reproducibility of 99.5%. The gene 
coverage analysis on this panel revealed that exonic and 
flanking intronic regions of the RB1 gene (NM_000321) 
showed coverage of >99% (≥ 20 reads) with a mean read 
depth of 405X. The Nextera DNA library preparation protocol 
(Illumina) to convert input genomic DNA (gDNA) into 
adaptor-tagged indexed libraries was essentially performed as 
previously described [15]. The tagged and amplified sample 
libraries were checked for quality and they were quantified 
using the BioAnalyzer (Agilent). Up to 6–10 pM of the pooled 
library was loaded and sequenced on the MiSeq platform 
(Illumina), according to the manufacturer’s instructions.

NGS – data analysis and interpretation: The trimmed FASTQ 
files were generated using MiSeq Reporter (Illumina). The 
reads were aligned against the whole genome build: hg19 
using Strand NGS v2.5. Data analysis and interpretation were 
performed using Strand NGS v2.5 and StrandOmics v3.0 (a 
proprietary clinical genomics interpretation and reporting 
platform from Strand Life Sciences), as previously described 
[15]. In brief, StrandOmics is a clinical interpretation and 
reporting platform that combines knowledge from internal 
curated literature content (approximately 40,000 extra 
curated variant records), along with various publically avail-
able data sources such as Uniprot, OMIM, HGMD, ClinVar, 
ARUP, dbSNP, 1000 Genomes, Exome Variant Server, and 
Exome Aggregation Consortium (ExAC). In addition to 
databases, bioinformatics prediction tools, such as SIFT, 
PolyPhen HVAR/HDIV, Mutation Taster, Mutation Assessor, 
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FATHMM, LRT for missense variants, and NNSPLICE; and 
ASSP tools for variants in essential splice sites and exon–
intron boundaries, have also been integrated to assess the 
pathogenicity of the variants. This integrated knowledge is 
then used to prioritize automatically a list of variants based 
on American College of Medical Genetics and Genomics 
(ACMG) guidelines [16], the inheritance model, disease 
phenotype, sequence conservation across various species, and 
allelic frequency in our laboratory’s internal patient pooled 
database (PPDB). A variant was labeled ‘novel’ when it had 
not been previously reported in the literature or in any public 
database (as mentioned above).

Variant calling and classification: Reads with average base 
quality <Q20 were excluded from the variant calling process, 
and the Bayesian approach was used to identify the consensus 
genotype at the variant locus. Each called variant was 
assigned a Phred equivalent score that represents base-calling 
error probabilities. The identified variants in this study were 
called with a read quality >Q30 and a confidence score >50.

The identified variants were labeled according to the 
ACMG recommended standards for the interpretation and 
reporting of sequence variations [16]. The variants were clas-
sified into five categories: 1) pathogenic, 2) likely pathogenic, 
3) variant of uncertain significance (VUS), 4) likely benign, 
and 5) benign.

Copy number variation analysis for large deletion/duplica-
tion: In addition to SNVs and small indels, a copy number 
analysis was performed to identify large deletions or inser-
tions ranging from a single exon to whole gene deletion. This 
was done by taking each non-overlapping target region in 
turn, of which there are 1,736, and comparing normalized 
read coverage across 8–11 other samples from the same run. 
Normalized coverage-based copy number values (CNVs) 
and Z-scores [17] for each panel region were computed using 
StrandNGS v2.5. For each sample, potential copy number 
changes in the RB1 gene were identified by manual inter-
pretation based on the following cut-offs: CNV >3, Z-score 
>2 for duplications and CNV <1.2, Z-score <-2 for deletions.

Split read analysis for the identification of break points: 
Reads that did not align with an alignment score >95% were 
subjected to split read alignment [18]. Here, the input reads 
were split into two segments and each segment was mapped 
independently to the reference genome. The minimum size of 
the major segment was 35 bp and that of the minor segment 
was 15 bp. The split segments were required to align uniquely, 
with an alignment score of at least 97%. Based on these 
split read alignment scores, a structural variant (SV) caller 
was used to call out large deletions, insertions, inversions, 
and translocation events. These split read alignment and 

SV calling algorithms are integrated into StrandNGS v2.5, 
which was used to perform this analysis. A threshold of five 
split reads supporting the SV event was used for calling them 
out. Further confirmation of the SV event was performed 
by looking at the event in the StrandNGS elastic genome 
browser and verifying that the break points across all split 
reads are unique and that the other partially aligned reads 
support the same event. For deletion events spanning one or 
more exons, the CNV analysis would also show significantly 
lower normalized coverages at these locations, thus providing 
further evidence of the event.

Confirmation of the detected variants by Sanger sequencing 
or MLPA: All the pathogenic variants detected in the patient 
samples were confirmed by Sanger or MLPA. In case of SNVs 
and indels, primers flanking each variant were designed, and 
the genomic region encompassing the variant was amplified 
by PCR. Details of primer sequences and PCR conditions are 
provided in Appendix 1 (Appendix 1, Appendix 2, Appendix 
3, Appendix 4, and Appendix 5 are available as online 
supplementary information). The PCR products were purified 
using the Gene Jet PCR Purification Kit (Thermo Fisher), 
according to the manufacturer’s instructions. The purified 
PCR products were sequenced using both forward and reverse 
primers (which were used for the PCR amplification) using 
the BigDye® Terminator v3.1 kit (Life Technologies). The 
sequencing PCR products were purified and subsequently 
analyzed by the 3500DX Genetic Analyzer (Life Technolo-
gies), as described previously [15]. MLPA was performed 
with 50 ng of gDNA, according to manufacturer’s instruc-
tions, using the SALSA MLPA P047-RB1 kit (MRC-Holland, 
The Netherlands). Probe amplification products were run on 
the Genetic Analyzer 3500DX (Life Technologies). MLPA 
peak plots were visualized and normalized, and the dosage 
ratios were calculated using the Coffalyser.Net software 
(MRC-Holland, The Netherlands). A threshold ratio of >1.3 
denotes duplication and a ratio of <0.7 denotes deletion.

RESULTS

The mutation spectrum in the patients with Rb: In total, 
we screened 50 DNA samples of unrelated patients with 
Rb for mutations in the RB1 gene using NGS. The demo-
graphic profile and clinical characteristics of all the subjects 
are provided in Appendix 2. In 33 patients, pathogenic or 
likely pathogenic variants (hereby referred to as mutations) 
were identified (Table 1 and Figure 1), accounting for 66% 
(33/50) of all cases (Figure 2A). The spectrum of identified 
mutations includes 19 SNVs (11 nonsense, three missense, 
and five splice site variants), eight indels (six deletions, one 
indel, and one duplication), and six large deletions (single 
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exon deletion to whole gene deletions; Figure 3). All the 
SNVs and indels identified by NGS were confirmed by 
Sanger sequencing, and large deletions were confirmed by 
MLPA analysis, which implies 100% concordance between 
the NGS findings and Sanger/MLPA data. We detected 29 
unique mutations, of which 12 were novel (Table 1). None of 
the 12 identified novel mutations in our study were found in 
the 1,200 control chromosomes. Interestingly, among the 11 
nonsense mutations identified in our study, the majority (91%) 
were substitutions of arginine residue to stop codon due to a 
C to T transition (Table 1). We also detected two recurrent 
nonsense mutations: p.Arg455Ter (3X) and p.Arg579Ter (2X; 
Table 1). We detected three missense mutations (p.Gln702Lys, 
p.Cys712Arg and p.Trp563Cys), all of which lie in the A/B 
“pocket” domain of the protein [19,20].

Correlation between laterality and mutation detection rate: 
To determine whether the mutation detection rate in our 
screen was correlated with the laterality of the Rb patients, 
we stratified the patients into three categories, namely bilat-
eral, unilateral, and unknown laterality. Of the 50 patients, 
22 were diagnosed with bilateral Rb (BRb), while 20 patients 
showed a unilateral form of Rb (URb). For eight patients, 
laterality information was unavailable. In BRb patients, the 
mutation detection rate was 100% (22/22; Figure 2B). In URb 
cases, the mutation detection rate was 30% (6/20; Figure 2C) 
and in unknown cases, mutations were detected in 62.5% 
(5/8) of patients (Figure 2D). Overall, the mutation detection 
frequency was 66% (33/50 cases; Figure 2A).

Detection of large deletions in the RB1 gene: Using the CNV 
analysis, we detected six large deletions in our cohort. The 
spectrum of deletions ranged from a single exon deletion 
(one case) to multi-exon (three cases) to whole gene deletions 
(two cases; Table 1). The deletions identified by NGS in the 
patient samples (RB6, RB30, RB31, RB32, and RB33) were 
confirmed by MLPA (Appendix 3). In two of these samples 
(RB6 and RB31), we were able to detect the exact break 
point of the identified deletion in the genomic sequence by 
a split-read alignment analysis (Appendix 4). In patient RB6 
with URb, the deletion of exons 8–11 was detected by CNV 
analysis. Using the split-read alignment of the sequence 
reads, the 5′ break point could be identified at 2,574 bp 
upstream (chr13:4893377) of exon 8 and the 3′ break point 
was mapped 678 bp downstream (chr13:48943418) of exon 
11 of the RB1 gene (c.719–2574_1127+678delinsC; Appendix 
4). In patient RB31 with BRb, a partial deletion of 21 bases 
(chr13:49050959) at the 3′ end of exon 25 and a complete 
deletion of exons 26 and 27 were detected by CNV analysis. 
Using a split-read alignment of the sequence reads, the 3′ 
break point could be identified at 3,849 bp (chr13:49059971) 

downstream of 3′ UTR in the RB1 gene [c.2643_(*1915+3849)
del] (Appendix 4). The exact break points of the identified 
deletions were confirmed by Sanger sequencing (Appendix 
4).

Identification of genetic mosaicism in URb cases: Indi-
viduals who have URb without an identified heterozygous 
germline RB1 mutation are at risk for low-level mosaicism 
[1]. In our screen, two patients (RB12 and RB15) were found 
to carry nonsense variants: p.Arg445Ter (c.1333C>T) and 
p.Arg455Ter (c.1363C>T), respectively. In the RB12 case, the 
c.1333C>T variant had 21.7% supporting reads (out of 461 
reads; Appendix 5) and in RB15, the c.1363C>T variant had 
17% supporting reads (out of 909 reads; Appendix 5). When 
Sanger sequencing was performed, in the electropherogram, 
the relative peak intensity of the ‘T’ allele was much weaker 
than the reference ‘C’ allele in the specimen DNA samples 
(Appendix 5). Thus, in these individuals, there could be a 
possibility of genetic mosaicism in relation to the identified 
RB1 mutation.

DISCUSSION

Germline mutations have been reported throughout the 
RB1 gene in Rb patients, and only a few of these reported 
mutations are recurrent. Previously, several Indian studies 
conducted screening of the RB1 gene in Rb patients and 
reported mutation detection rates in the range of 33% to 
85% [10-14]. These studies highlight the limitations of the 
techniques used in these studies because, in principle, 100% 
of bilateral Rb patients carry germline mutations in the RB1 
gene. To confirm the molecular diagnosis of Rb, several 
different genetic testing methods have been used tradition-
ally, such as Sanger sequencing, quantitative multiplex PCR, 
cytogenetic testing, MLPA, and array-Comparative Genomic 
Hybridization (aCGH) [14,21-23]. Sanger sequencing is used 
to detect point mutations and indels; when negative, another 
method (as mentioned above) is used to detect large dele-
tions/duplications/insertions. This sequential mode (reflex) 
of testing is time consuming and expensive.

Compared to the ref lex-testing mode, our current 
study shows that a NGS-based method is able to screen the 
complete RB1 gene and can detect all types of mutations, 
including large deletions. In our study, among patients 
affected with BRb (22 cases), the mutation detection rate 
was 100%. Recently, a NGS-based test was used by Li et 
al. to screen the entire RB1 gene to detect all types of RB1 
mutations, such as point mutations, small indels, and large 
deletions or duplications on a single test platform [24]. Our 
strategy had notable similarities with that reported by Li et 
al., including 100% concordance between the NGS output and 
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Sanger confirmation and the detection of low-level mosaic 
RB1 mutations using the NGS test [24]. In Indian Rb cohorts, 
conventional testing was able to detect mutations in the range 
of 36% to 83% in BRb cases [4]. In a recent study, Devarajan 
et al. used a NGS-based approach to screen the RB1 gene 
in an Indian cohort and reported a detection rate of 85.7% 
(18/21) in the BRb cases [12]. Interestingly, in another recent 
study, Grotta et al. used a combined approach of NGS and 
aCGH and still could detect mutations in only 96.5% (28/29) 
of the BRb cases through this reflex mode of testing [22]. 
Overall, it appears that our NGS-based testing has a higher 
sensitivity than previous studies using both conventional tests 
and other NGS-based tests [10-14].

In our study, among the URb cases, the mutation detec-
tion rate was 30% (6/20). In previous studies with Indian 
cohorts with a significant number of URb cases, the mutation 
detection rate was reported in the range of 18% to 23.8% 
[21,23].

Through a CNV analysis, embedded in our NGS-based 
approach, we could detect six large deletions in our cohort 
ranging from a single exon to whole gene deletion. Among 
the six deletions, four were detected in BRb cases, one in an 
URb case, and one in a case where laterality was unknown. 
The overall detection rate of large deletions in our study was 
12% (6/50) and in BRb cases, it was 18.2% (4/22), which is 
similar to the findings previously reported (9.5% to 20.5%) 

in other Indian cohorts [14,21,23,25]. Moreover, using the 
split read alignment of the sequence reads [18,26], we could 
identify the precise break points in the RB1 gene in two of 
six deletions. We could confirm the break points of these two 
deletions using PCR amplification of the break point regions 
and Sanger sequencing. The identification of break points in 
cases with a large deletion by split read alignment allows us to 
establish a precise Sanger sequencing-based assay that is fast 
and economical for screening other at-risk family members.

In our study, we identified 11 nonsense mutations. Inter-
estingly, ten of these 11 variants involved a substitution of 
arginine residue with a stop codon. At the nucleotide level, 
all mutations were C to T transitions. Previously, it has been 
reported that in the RB1 gene, the majority of nonsense muta-
tions occur due to C to T transitions at CpG dinucleotides 
(CpGs) as a result of the deamination of 5-methylcytosine 
to thymidine within these CpGs [27]. The occurrence of 
nonsense mutations at CpGs in the RB1 gene appears to be 
determined by several factors, such as the constitutive pres-
ence of methylation at cytosines within CpGs, the specific 
codon within which the cytosine is methylated, and the region 
of the gene within which that codon resides [27]. In four of 
the mutated CGA codons (p.Arg251 in exon 8, p.Arg445 and 
p.Arg455 in exon 14, and p.Arg579 in exon18) of the RB1 
gene, a high frequency of constitutive methylation has been 
reported [27]. We detected the p.Arg455Ter mutation 3X 

Figure 1. Schematic diagram representing the structural domains of the RB1 protein, along with 27 exons, and representing the localization 
of the identified mutations in the retinoblastoma (Rb) cohort. The novel mutations identified in our study are indicated by red arrows and 
known mutations are marked by yellow arrows. Among the 29 unique mutations identified in 33 patients in our Rb cohort, 16 mutations 
are located in the region encoding for the A/B pocket domain and five mutations are located in the cyclin domain of the RB1 protein. We 
identified six large deletions in our cohort, but two whole gene deletions are not shown in the representation; the other four deletions are 
indicated by red bars. Note: *partial deletion of exon 25 with complete deletion of exons 26–27 and 3′UTR (untranslated region).
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and the p.Arg579Ter mutation 2X. These two variants have 
been previously reported as recurrent mutations in patients 
affected with Rb [28].

We detected three missense mutations in our cohort and 
all of these mutations were located in the A/B pocket domain 
(379–792 residues) of the protein. The A/B pocket domain is 
essential for the interaction of the RB1 protein with the E2F 
transcription factor [29]. Previously, Richter et al. reported 
that 13 of 15 missense mutations identified in their study 
were located in the A/B pocket domain, thus suggesting that 
missense mutations occur frequently in this domain of the 
RB1 protein and highlighting the functional importance of 
this domain in the protein function [28].

In two cases (RB12 and RB15), the supporting read frac-
tions for the identified variants were much lower (approxi-
mately 20%) than the expected ratio of 50%, suggesting the 

possibility of mosaicism. The incidence of mosaicism was 
estimated to be 30% and 6% in sporadic BRb and URb cases, 
respectively [30]. The use of deep sequencing technology, 
such as NGS, which has an increased sensitivity, enables us 
to detect low-level mosaicism in the RB1 gene. The identifica-
tion of a mosaic mutation in Rb cases has important clinical 
implications, as it confirms a genetic diagnosis and alters 
genetic counseling, surveillance, and disease management 
measures.

India has the highest number of patients with Rb, 
accounting for approximately 20% of the global Rb popula-
tion [4]. The number of new cases is increasing each year, as 
the population of India is on the rise. As a result, treatment 
and disease management measures for patients with Rb are 
causing an increased financial burden on the Indian health 
care system. In the RB1 gene, heterogeneous mutations 

Figure 2. Mutation detection rate in the retinoblastoma (Rb) cohort. We stratified our cohort based on the Rb presentation into three groups, 
namely bilateral Rb (BRb), unilateral Rb (URb), and unknown literality, to determine whether the mutation detection rate was correlated 
with Rb presentation. A: A pie chart depicting an overall mutation detection rate of 66% (33/50 cases) in all Rb cases screened in our cohort. 
B: In BRb cases, the mutation detection rate was 100% (22/22). C: The mutation detection rate was 30% (6/20) in URb cases. D: In unknown 
laterality cases, the mutation detection rate was 62.5% (5/8).
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are distributed throughout the entire length of the gene, 
suggesting that in terms of conventional tests, no single tech-
nology will be fully sensitive and efficient; a combination of 
tests will be necessary for confirmation of a genetic diagnosis, 
which is time consuming and costly. Our study indicates that 
NGS-based comprehensive testing of Rb patients will be at 
least six times more economical than reflex mode testing by 
Sanger, followed by MLPA for negative cases. In India, there 
is a pressing need for a cost-effective and comprehensive 
genetic testing method for the diagnosis and early detection of 
Rb. In the current study, we report a 100% mutation detection 
rate in patients with BRb. Our study suggests that a NGS-
based approach increases the sensitivity of mutation detection 
in the RB1 gene and helps in the confirmation of a genetic 
diagnosis in patients and at-risk family members compared 
to conventional tests performed in reflex testing mode. Our 
finding strongly supports the incorporation of a NGS-based 
approach for the routine genetic testing of Rb in India, as it 
is highly sensitive, accurate, fast, and economically feasible.

APPENDIX 1. PCR CONDITIONS AND PRIMER 
SEQUENCES FOR MUTATIONS IDENTIFIED IN 
THE RB1 GENE

To access the data, click or select the words “Appendix 1.”

APPENDIX 2. THE DEMOGRAPHIC PROFILE AND 
CLINICAL CHARACTERISTICS OF PATIENTS 
WITH RETINOBLASTOMA (RB).

To access the data, click or select the words “Appendix 2.”

APPENDIX 3. DETECTION OF LARGE DELETION 
IN THE RB1 GENE IN THE PATIENT SAMPLES.

To access the data, click or select the words “Appendix 3.” 
Detection of copy number variation (CNV) and confirma-
tion by MLPA (multiplex ligation-dependent probe ampli-
fication). Figures on the left panel (A, C, E, G, I and K) 
represent CNV analysis and on the right panel (B, D, F, H 
and J) represent MLPA analysis. In the MLPA plot, x-axis 
represents genomic regions and y-axis represents dosage 
quotient (DQ). DQ distribution of 0.8–1.2 represent normal 
copy, 0.4–0.65 represents heterozygous deletion and 1.3–1.65 
represents heterozygous duplication. In the sample RB6, the 
CNV analysis showed a heterozygous deletion of exon 8–11 
(A), which was confirmed by MLPA analysis (B). Similarly, 
the CNV analysis in the sample RB30, revealed a hetero-
zygous deletion of exon 25 (C), which was confirmed by 
MLPA analysis (D). The CNV analysis in the sample RB31, 
revealed a heterozygous deletion of exon 26–27 and a partial 
deletion of exon 25 (depicted in dotted circle; E), which 
was confirmed by MLPA analysis (F). The CNV analysis 

Figure 3. Types of mutations and 
spectrum in the retinoblastoma 
(Rb) cohort. The spectrum of 
mutation types detected in our 
cohort was missense, nonsense, 
splices site, indel, and large deletion 
types. In overall cases, we detected 
11 nonsense, three missense, five 
splice site variants; eight indels; 
and six large deletions. In bilateral 
Rb (BRb) cases, eight nonsense, 
one missense, three splice site 
variants; six indels; and four large 
deletions were detected. In unilat-
eral Rb (URb) cases, one nonsense, 
one missense, and one splice site 
variants; one indel; and one large 

deletion were detected, and in unknown literality cases, two nonsense, one missense, and one splice site variant; one indel, and one large 
deletion were detected.
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in the sample RB32 showed heterozygous whole RB1 gene 
deletion (G), which was confirmed by MLPA analysis (H). 
The CNV analysis in the sample RB33 showed heterozygous 
whole RB1 gene deletion (I); although the CNV data showed 
higher heterogeneity, however, this deletion was confirmed 
by MLPA analysis (J). In both cases of whole gene deletion 
(RB32 and RB33), MLPA analysis revealed that in addition to 
the whole RB1 gene deletion, the upstream and downstream 
genomics regions flanking the RB1 gene were also deleted. 
The CNV analysis in the sample RB29, revealed a heterozy-
gous deletion of exon 24–27, this sample also showed higher 
heterogeneity in the CNV data compared to other samples; 
however, considering deletion of multiple continuous exons, it 
is unlikely that it is false positive (K), as, additional DNA was 
unavailable for the sample RB29 therefore MLPA confirma-
tion could not be performed.

APPENDIX 4. SPLIT-READ ALIGNMENT ANALYSIS.

To access the data, click or select the words “Appendix 4.” 
By split read alignment of the sequence reads, we could 
detect the precise breakpoints in the RB1 gene in 2 out of 
6 deletions. In the sample RB6, for the identified deletion 
(c.719–2574_1127+678delinsC), the break points were: 2574 
bp upstream (chr13:4893377) of exon 8 (5′ break-point) 
and the 3′ break-point was mapped to 678 bp downstream 
(chr13:48943418) of exon11 of the RB1 gene (A). The identi-
fied deletion in the sample RB6, was confirmed by Sanger 
sequencing (B). In the sample RB31, for the identified dele-
tion [c.2643_(*1915+3849)del], the break points were: 21 
bases (chr13:49050959) at 3′ end of exon 25 and complete 
deletion of exon 26 and exon 27 and the 3′ break-point was 
mapped to 3849 bp (chr13:49059971) downstream of 3′UTR 
of the RB1 gene (C). The identified deletion in the sample 
RB31, was confirmed by Sanger sequencing (D).

APPENDIX 5. INDICATION OF GENETIC 
MOSAICISM IN THE UNILATERAL RB (URB) 
CASES.

To access the data, click or select the words “Appendix 5.” 
In the sample RB12, NGS data showed that the variant, 
c.1333C>T, had 21.7% supporting reads (out of 461 reads; 
A). In the Sanger electropherogram, the identified variant, 
c.1333C>T, was detectable and the relative peak intensity of 
the variant nucleotide ‘T’ was weaker as compared to refer-
ence nucleotide ‘C’ (B). In sample RB15, NGS data showed 
that the variant, c.1363C>T, had 17% supporting reads (out 
of 909 reads; C). In the Sanger electropherogram, the iden-
tified variant, c.1363C>T, was detectable and the relative 

peak intensity of the variant nucleotide ‘T’ was weaker as 
compared to reference nucleotide ‘C’ (D).
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