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Knudson to embryo selection: A story 
of the genetics of retinoblastoma
Vrushali Athavale, Vikas Khetan

Abstract:
Retinoblastoma, the most common primary intraocular malignancy of the young, is a prototype 
hereditary cancer. Due to its fairly predictable Mendelian inheritance, easily examinable tumors, 
and early age of presentation, RB has served as the most extensively studied model for genetics in 
cancer. The genetic strides in RB have progressed at an exponential rate since the 1970s. The highly 
morbid, reasonably curable and distinctly predictable inheritance pattern of RB; not to mention its 
propensity to affect our young, forms the basis of aggressively encouraging genetic diagnosis in all 
patients of RB. In this article, we present the basic and clinically relevant concepts of the genetics 
retinoblastoma.
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Introduction

A quintessent ia l  genet ic  cancer–
Retinoblastoma (RB) is a primary 

intraocular malignancy of the young; and 
clichéd as it may seem to say, the most 
common.[1] With an incidence of around 
1 in 16,000 births,[2] it is a relatively rare 
disease to have been studied so extensively 
from the genetic perspective. Due to its 
fairly predictable Mendelian inheritance, 
easily examinable tumors, and early 
age of presentation, RB is a prototype 
study model for genetics in cancer.[3] The 
genetic strides in RB have progressed 
at an exponential rate since the 1970s. 
Management aims in RB have advanced 
from ensuring the child lives to ensuring 
the child sees. The genetic era is sure to 
advance our aim to ensure that a child at 
risk never develops a clinical tumor using 
target gene therapies and assuring an RB 
patient of healthy siblings and offspring 
using prenatal diagnosis. “Nothing is 
more powerful than an idea whose time 
has come,” and in this write‑up, we hope 

to sketch the more basic and relevant ideas 
in the genetics of RB.

The Genetic Timeline of 
Retinoblastoma

Around 400  years ago, a noted anatomist 
scribbled down notes of a “Tumor oculorum” 
in a 3‑year‑old in a dissection chamber 
in the Netherlands; Petrus Pawius thus 
documented the first description of RB. 
The first suspicion of RB being a hereditary 
disease was raised in 1821 by Lerche, who 
described a family with four of its seven 
children affected.[4] In the garden of an 
obscure Austrian monastery, in 1864, an 
Austrian monk unearthed the concept of 
“unit of heredity” quite oblivious to the 
impact of his discovery. Gregor Mendel’s idea 
was soon forgotten only to be rediscovered 
in 1962 by Watson, Crick, Wilkins, and 
Franklin in the form of an image which is 
a 20th century icon– the double helix of the 
DNA.[5] An ingeniously simple observation 
leads to an enigmatic scientific paper in 1971 
on the “two‑hit hypothesis” for RB. Although 
the unprecedented suggestion that RB is a 
recessive disease did not go well with the 
then researchers Alfred Knudson marked 
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it as the prototype hereditary cancer and set the stone 
rolling for the genetic basis of many cancers.[6] Kundson’s 
theory bides its time until genetic research manages to 
catch up with it– Cavalee finally proved beyond doubt 
the recessive nature of cancer and popularized the concept 
of loss of heterozygosity (LOH).[7] In 1986, a gene locus 
linked to RB is identified on chromosome 13;[8,9] it was 
subsequently cloned in the laboratory of Thaddeus Dryja 
at Harvard Medical School[10] and sequenced.[11] The RB1 
gene becomes the first of a series of tumor suppressor 
genes to be cloned.[8] While the fate map in the form of the 
Human Genome Project was drafted as the 21st century 
sets in, so are insights into genomic instability, epigenetics, 
and prenatal screening of RB. A baby who was destined 
to be born under a malignant star can be born free of 
any chance of cancer; the first case of preimplantation 
diagnosis and embryo selection was successful in 2004.[12]

Grasping the Basics

By definition, RB is a tumor arising from retinal 
precursor cells of neuroectodermal origin due to biallelic 
inactivation of the RB1 tumor suppressor gene and is 
capable of local invasion and metastasis.[13] It is found to 
occur in all races and regions at a fairly constant rate.[2] 
Nomenclature about RB is often misleading due to its 
overlapping nature. Figure 1 illustrates the terminology 
used for description of retinoblastoma. Germline 
mutations are those that affect the germ cells (cells that 
are precursors of the sperm and the ova), these mutations 
affect all cells of the body and are passed on to the 
offspring. On the other hand, somatic mutations are the 
ones that occur in any tissue other than the germinal 
tissue; the retinal precursor cells in case of RB. Somatic 
mutations cannot be inherited as the somatic cells are 
never passed on to the progeny.[14] About 45% of RBs are 
germline or heritable, meaning that the children are born 
with a single inactive RB1 allele in all cells of their body 
and need only one more “hit” or event which renders 
the other RB1 allele inactive in at least one retinoblast. 
Thus, they develop early, multifocal and bilateral tumors, 
are susceptible to second extraocular tumors throughout 
their life and transmit the cancer predisposition 
trait (RB+/‑) to half of their offspring. The other 55% of 
RB patients have acquired a nongermline or somatic 
mutation (first hit) either in utero or soon after birth and 
they require the second hit in the same retinoblast to 
develop a tumor. That is why these children develop a 
single unilateral tumor at a relatively later age and are 
free from any risk of other cancers linked to RB1.[2] The 
term “germline” is synonymous with “heritable” in that 
the tumor is capable of being hereditary, though a tumor 
is termed “hereditary” or “familial” only if a child has 
had a pedigree member affected by it. Only 6% of RB 
patients give a positive family history and can be termed 
hereditary or familial, the majority (germline or somatic) 

being sporadic.[2] Clinicians often use the term “sporadic” 
to mean a somatic disease which is not accurate since the 
majority of the germline tumors are also sporadic (do not 
have a family history). RB follows a classical autosomal 
dominant pattern of inheritance, meaning that a person 
with a germline RB1 mutation has a 50% chance of 
passing it on to their offspring. It is interesting to note 
that although it is a dominantly inherited trait, genetically 
RB is an autosomal recessive disease as it requires both 
the alleles of RB1 to be nonfunctioning. Simply put, the 
“cancer predisposition trait” is a dominant one, cancer 
itself featuring a recessive disease. However, when it 
translates into phenotype, RB behaves like a dominant 
disease (half of the offspring developing tumors) because 
tumor requires a second inactivating mutation in any one 
retinoblast and this occurs with a 90%–95% probability.[14] 
Speaking of laterality of the tumors, how and to what 
extent the genotype influences it is summarized in 
Figure 2. The mean age at presentation is 12 months for 
bilateral and 24 months for unilateral RB.[2] In developing 
countries, on an average, the mean age at diagnosis is 
around 6 months later.[15]

The Retinoblastoma 1 gene
RB1 contains 27 exons (coding regions of the DNA) that 
span 180 kb of DNA. RB1 encodes a 4.7 kb messenger 
RNA transcript that materializes into a protein of 
928 amino acids and 110 kD  –  the retinoblastoma 
protein (pRB) [Table 1].[16]

A proto‑oncogene is a normal gene which when 
mutated (up‑regulated) predisposes a cell to uncontrolled 
proliferation. Proto‑oncogenes function as dominant 
genes; they predispose a cell to cancer even when only 
one allele is mutated. A  tumor suppressor gene or 
anti‑oncogene is one whose encoded protein causes a 
repressing effect on the cell cycle or promotes apoptosis 
or both. Unlike proto‑oncogenes, both alleles of the tumor 
suppressor genes need to be down‑regulated to cause 
cancer. The RB1 gene is the archetypal anti‑oncogene. 

Figure 1: Distribution of the genetic subtypes of retinoblastoma
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pRB acts at the G1 checkpoint of the cell cycle, which is 
an important site as the cells that progress through this 
checkpoint are obligated to complete the cell cycle. pRB 
is multifunctional: it binds to E2F transcription factors 
via its E2F binding sites and to chromatin remodeling 
proteins histone deacetylases  (HDAC) and BRG via 
the LxCxE binding site. In the dephosphorylated state, 
pRB inhibits cell cycle progression by two mechanisms: 
First, it binds E2F transcription factors and inactivates 
them. Second, it is binds to HDAC and BRG1, which 
alter chromatin structure and lead to an exit from the 
cell cycle. When an extracellular signal is received 
for cell cycle progression, the G1 Cyclin D‑CDK 
complex brings about phosphorylation of pRB. This 
hyperphosphorylated can no longer bind to either E2F 
or the chromatin binding factors. E2F thus is freed to the 
transcript and the cell cycle progresses. Under normal 
conditions, the cell cycle is exited when pRB is again 
dephosphorylated via MITF induction of p16. Under 
conditions of excessive proliferation of cells, there is an 
apoptotic rescue pathway other than the normal cell exit 
pathway, which is activated by a change in the tertiary 
structure of pRB and eventual apoptosis. This rescue 
pathway may be suppressed by BRCA1 mutations.[13,17,18] 
Thus, an absent or defunct pRB leads to uncontrolled 
proliferation of retinoblasts and a preneoplastic state. 
How this converts into a full blown malignant tumor is 
summarized in the next section.

Birth of the Tumour

M1 and M2
The two hits occurring that are rate‑limiting in the 
development of RB can be structural alterations in the 
genome or functional inactivation by tumor causing 
viruses. The former are mostly nonsense mutations 
and small or large scale chromosomal deletions. 
Missense, frameshift, splicing mutations and rarely, 
chromothripsis (a single catastrophic event causing large 
chromosomal rearrangements) involving chromosome 13 
constitute a minority. The majority of RB1 mutations arise 
de novo, unique to a person or a family while about 40% 
are recurrent, gathering in 16 hotspots.[19] The mutations 
can be passed on from a parent gamete, can occur during 
gametogenesis  (that is preconceptional) or during 
embryogenesis  (postconeptional).[2] Among de novo 
mutations, those occurring during spermatogenesis 

are more common as it incurs more rapid cell division 
than oogenesis, that is why advanced paternal age is 
postulated to be linked to RB.[20,21] The second allele can 
be hit by any type of mutation but is commonly affected 
by mechanisms which cause LOH:[22,23]

1.	 Uniparental disomy (in which one parent provides 
two copies of a chromosome, and the other 
parent provides none)

2.	 Chromosomal nondisjunction  (nonseparation of 
sister chromatids during mitosis resulting in loss of 
the normal allele in one of the daughter cells) and 
duplication of the mutated allele

3.	 Mitotic recombination (exchange of genetic material 
between sister chromatids of the two alleles)

4.	 Gene conversion.

LOH is an important concept in the genesis of many 
cancers and it leads to expression of a recessive trait. 
It is implicated in 50%–70% of the second hits in RB.[24]

M3 and beyond: The genomic instability model 
for retinoblastoma progression
Generally speaking, before a cell turns cancerous, it 
needs to acquire the so‑called hallmarks of cancer. 
These include activation of growth‑signaling pathways, 
evasion of cell death and senescence, acquisition of 
limitless replicative potential, sustained angiogenesis, 
and metastasis. Thus, whether a cellular proliferation will 
turn malignant and the rate at which it grows depends 
on the rate of acquisition of the further necessary “hits” 
or genetic lesions.[25]

In case of RB, biallelic RB1 inactivation grants limitless 
replicative potential to the retinal precursor cells, but 
they are still preneoplastic. Such cells are arrested in the 
stage of retinoma, a benign precursor of RB. Dimaras et al. 
examined eyes enucleated for RB for underlying retinoma, 
and showed the first molecular evidence of progression 
of senescent retinoma to RB.[26] RB1 gene is known to be 
essential for chromosomal stability, and RB1 inactivation 
promotes a state of genomic instability.[26‑28] Genomic 
instability involves various oncogenes and growth 
signaling proteins, which are elucidated later on, and these 
confer a malignant potential to the retinoma. On the other 
hand, p16INK4A, a senescence protein capable of arresting 
proliferative cell at G1 phase of cell cycle, is over‑expressed 
during the early stages of retinoma. Retinoma remains 
quiescent till the senescence pathway of p16INK4A is 
not overwhelmed by the proliferative pressure of the 
genomic instability. Finally, some cells manage to escape 
senescence and clonally progress to RB.[23]

The genetic changes linked to the genomic instability 
model have been termed “M3 to Mn” by Corson 
and Gallie[29] in keeping with Knudson’s nomenclature, 
and some of the recurrent ones are summarized in 
Table 2.[26,29,30]

Table 1: The Retinoblastoma tumour suppressor gene
Name: RB transcriptional corepressor 1
Approved symbol: RB1
HGNC ID*: HGNC: 9884
Chromosomal location: 13q14.2
Gene family: Endogenous ligands
*HGNC=HUGO Gene Nomenclature Committee’s unique identity for RB1 
gene locus. RB1=Retinoblastoma gene
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The above‑mentioned genetic lesions are the ones 
more frequently altered and the focus of research 
for candidate oncogenes; however, there are several 
other regions which are altered less frequently, but 
recurrently. To summarize, tumor proliferation is 
initiated by RB1 inactivation, but the tumor stays 
quiescent in the benign state of retinoma until the 
acquisition of further genetic hits, which lead to 
progression from retinoma to RB. The rapidity and the 
nature of the M3 to Mn mutations define the nature of 
the RB as regard to its aggressiveness.

Retinoblastoma sans retinoblastoma gene 
inactivation: RB+/MYCNamp tumour
A report by Rushlow et al. suggested that about 2.7% of 
RBs arise without any evidence of RB1 mutation, that is, 
they are RB1+/+.[31] Majority of them (52%) were found 
to have evidence of copy number variation of MYCN in 
the tumor cells. These genetically unique RB+/MYCNamp 
tumors are unilateral and present before 12 months, an 
unusual scenario in case of unilateral tumors. Such tumors 
thus face a chance of being treated less aggressively by 
oncologists given an expected bilateral disease, thus 
exposing the child to a risk of metastasis. Histology 
of RB+/MYCNamp tumors suggests a higher anaplastic 
grade with little calcification. Thus, due to its aggressive 
nature, it is important to not overlook a genetic diagnosis 
of MYCNamp tumors in a unilateral RB presenting before 
1 year of age. Such RBs are nonhereditary, with no risk 
of extra‑ocular primary tumors.

Epigenetics and retinoblastoma
Epigenetics refers to functionally relevant and heritable 
changes to the genome that do not involve a structural 
change in the DNA sequence. Although the role of 
RB1 in regulating major epigenetic mechanisms was 
known, a landmark study by Zhang et al. established 
a solid role of epigenetics in RB genesis.[32] Whole 

genome sequencing of four RBs and their paired DNA 
sample by the study group showed few mutations in 
the known tumor suppressor genes or proto‑oncogenes, 
as compared to other cancers. They suggested a strong 
role of epigenetic mechanisms which modify gene 
expression, rather than causing structural changes, in 
the model for RB progression. The epigenetic processes 
implicated are DNA methylation, microRNA (miRNA) 
regulation, histone modification and ATP‑dependent 
chromatin reorganization.[25] Hypermethylation of 
the RB1 promoter was the first proposed evidence 
of epigenetics in RB when methylation of a CpG 
island  (CpG 106) overlapping the RB1 promoter and 
exon 1 was discovered in these tumors.[33,34] Other recent 
studies have reported the methylation analysis of tumor 
suppressor genes other than RB1 such as p16INK4A, 
MGMT, RASSF1A, etc., MGMT hypermethylation 
is associated with advanced RB and expression of 
p16INK4A promoter methylation has been found to 
be inherited. On‑going research may throw more light 
on these pathways and provide novel susceptibility 
markers if an inheritance pattern can be ascribed as in the 
case of p16INK4A.[25] The other epigenetic mechanism 
under research is iRNA) regulation. miRNAs encode 
small noncoding RNAs, they function by base‑pairing 
with complementary mRNA sequences and result in 
gene silencing and downregulating protein expression; 
thus, deregulation of miRNA pathways is implicated 
in RB.[3,25]

Thus, rather than a single causative event, RB is said to 
have a “genomic lansdcape.”[3] The integrated genetic 
signature of RB starts with RB1 inactivation, progressing 
through the multiple genetic hits and various epigenetic 
mechanisms which endow the tumor with malignant 
potential and also have an influence on its phenotypic 
presentation.

Cell of origin of retinoblastoma
In contrast to the extensive on‑going research in the 
molecular etiology, there is still not a concord as 

Figure 2: Genotype - phenotype correlation as regards laterality

Table  2: Significant M3 to Mn events in retinoblastoma 
progression

Recurrent gains (candidate oncogenes)
1q (53%) KIF14, MDM4, MCLI, LRRN5
2p (34%) MYCN, DDXI, ID2
6p (54%) TNF, E2F3, DEK
13q (16%) Unknown

Recurrent losses (candidate tumour suppressor genes)
13q (12%) RB1
16q (32%) RBL2, CDH11
Hypermethylated CASP8 (2q)

MLH1 (3p)
RASSF1A (3p)
MGMT (10q)
RB1 (13q)
RBL2 (16q)

RB1=Retinoblastoma gene
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regards the cell of origin of RB. Xu et  al. following 
immunohistochemical detection of cone‑specific 
markers in all of the 40 RBs examined, put forth a 
cone photoreceptor cell of origin theory.[35] Another 
study by McEvoy et al. in 2011, on the basis of gene 
expression analysis, implicated multiple retinal cell 
types in the genesis of RB.[36] A recent study utilized 
gene expression profiling  (GEP) of mRNA and 
comparative genomic hybridization (CGH) of DNA to 
study 21 RBs.[37] The study group categorized RBs into 
two types based on their cell of origin: Group 1 tumors 
expressed genes relevant in early retinal development 
and thus were consistent with a retinal progenitor 
cell theory of origin, in accordance with the study 
by McEvoy et al. Group 2 tumors expressed cone cell 
genes; these tumors thus were thought of having arisen 
from cone photoreceptors. Group 1 tumors were thus 
the more poorly differentiated among the two groups; 
the clinical significance being they showed a higher 
propensity to invade the choroid and optic nerve. From 
a genomic perspective, genetic hits more likely to be 
associated with unfavorable clinical outcomes such as 
the gain of 1q or 6p and loss of 16q were more frequent 
in Group 1 tumors. RB thus shows heterogeneity, and 
GEP can be harnessed to stratify the tumors as per their 
cell of origin and to predict their clinical behavior.[13]

Genotype‑Phenotype Correlation in Special 
Scenarios

Low penetrance RB
When a person inherits an inactive RB1 allele but does 
not develop a tumor clinically, he is said to have 'low 
penetrance' RB. RB, in general, is highly penetrant‑of 
50% of the offspring who inherit a RB1 mutation, 
45% develop tumors. Thus, the penetrance of RB is 
90%.[38] This is because in a germline tumor, only one 
more RB1 hit is needed in any one cell to trigger cell 
proliferation, and the frequency of this second hits 
approximates 90%. Some tumors, however, show a 
low penetrance pattern that runs in families; they 
have a preponderance of members who either develop 
only a unilateral tumor or benign retinoma (reduced 
expressivity) or are unaffected carriers  (incomplete 
penetrance). Although various mechanisms such as 
immunologic factors, epigenetics, delayed mutations 
and even another RB locus have been suggested; 
most low penetrance phenotypes can be attributed to 
mutations in the RB1 locus. Rather than a complete 
loss of function or null mutations, these phenotypes 
are linked to missense mutations which lead to only 
a partially inactivated pRB or which reduce the 
expression of normal pRB.[19] A parent of origin effect 
has also been proposed. A parent of origin effect 
has also been reported, in which the mutation when 

inherited from the father is more prone to manifest as 
low penetrance retinoblastoma.[2]

13q deletion syndrome
About 5%–6% of all RBs have some cytogenetic abnormality 
of chromosome 13.[38] These are usually 13q interstitial 
deletions or translocations involving 13q. Children with 
13q deletion syndrome develop characteristic features 
like a dysmorphic facies (thick anteverted earlobes, broad 
forehead, prominent philtrum, short nose and a thick 
everted lower lip), psychomotor retardation, cardiac 
and brain anomalies and ocular malformations such as 
microphthalmos, coloboma, and congenital cataract.[39] The 
clinical implication of recognizing these unique features is 
that a child can be subjected to the less expensive karyotype 
analysis rather than the routine DNA sequencing; also 
screening for systemic anomalies assumes importance if 
a 13q deletion syndrome is confirmed.

Trilateral retinoblastoma
In amphibians, the photoreceptor function and 
retina‑like morphology of the pineal gland led to its 
designation as a “third eye.” Despite evolutionary 
changes, the human pineal gland still remains sensitive 
to light. That is why when Bader et  al. reported 
bilateral RB with pineoblastoma for the first time in 1980, 
they termed it “trilateral RB”[40] Kivela et al. conducted 
a meta‑analysis of 106 trilateral RBs and defined it as an 
intracranial neuroblastic tumor associated with bilateral 
or unilateral RB.[41] These tumors may be located in the 
pineal gland or in the suprasellar/parasellar region, 
pineal tumors being more common. The common 
terminology used today is “primary neuroectodermal 
tumor” or PNET. The incidence is 5%–13%, and it is 
particularly high in familial RBs.[42] Thus screening with 
MRI is more important in familial cases, though the 
prognosis remains dismal.

Extraocular primary tumors
Survivors of germline RB are at a significant risk of 
developing nonocular tumors, particularly those who 
undergo radiation therapy. A study by Abramson et al. 
reported an incidence of 51% at 50 years in those who 
underwent radiation and 27% incidence in those who 
did not. They called these “second primary tumors” to 
emphasize the fact the tumors were not RB metastases or 
secondaries but primary tumors in themselves.[43] These 
tumors have an age‑specific distribution: connective 
tissue tumors (most common being osteosarcoma) in the 
young, melanoma in middle age and carcinomas in the 
elderly. Second primary tumors assume importance in 
counselling of heritable RB families: patients who do not 
harbor a germline mutation are not at risk of extraocular 
tumors whether or not they undergo radiation; on the 
other hand, patients who develop only a benign retinoma 
are at a similar risk as those with bilateral disease.[44]
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Mosaicism
When an RB1 mutation occurs after the one‑celled 
stage of embryogenesis, only a fraction of all cells of 
the body are RB+/‑. Such a person is said to be a mosaic. 
A person with RB1 mosaicism may test negative on his 
blood DNA if the lymphocytes sampled do not harbor 
the mutation. This is of significance in predicting the 
risk of RB in the sibling of a bilaterally affected child––
parental mosaicism may give a false negative report, 
and the future sibling of the proband be erroneously 
declared risk free. Allele‑specific polymerase chain 
reaction (PCR) has excellent sensitivity for this peculiar 
condition and can detect even 1% mosaicism.[2]

Genetic Screening

Whom?
Any child with a clinical diagnosis of RB is a candidate 
for molecular diagnosis. Siblings of germline RB patients 
should also be offered genetic screening, to avoid the 
health risks and cost of unnecessary examinations. 
Parents of a child with RB should undergo genetic 
testing before planning future pregnancies and if a 
parent is positive, be offered counselling and prenatal 
interventions.

Why?
Molecular diagnosis of a child with the unilateral disease 
is important since 15% of unilateral RB s are germline. 
Thus, if the report tests positive in a unilateral RB, it gears 
the health team up for recurrences and also for second 
tumors; and thus may avoid a false state of assuredness. 
On the other hand, if the child with a unilateral tumor 
is negative for a germline mutation, it may well be free 
from intensive examinations under anesthesia after the 
regression of a tumor. It is also essential to draw a genetic 
diagnosis in bilateral RB to target the same mutation 
in prospective siblings of the proband. A  molecular 
diagnosis provides a precise risk prediction and reduces 
the overall health expense and anxiety, as opposed to the 
conventional screening examinations under anesthesia 
for babies at risk.

How?
After a pretest counselling session, peripheral venous 
blood is collected and the DNA screened for RB1 
mutations. The probability of finding a mutation in a 
bilaterally affected proband is 97% in an RB1 specialized 
laboratory with a high degree of sensitivity and 
turnaround time. In 3% of bilateral RB patients, mutations 
may not be detected due to low‑level mosaicism.[2] For 
unilateral tumors, the tumor tissue, if available, should be 
tested for both mutations. Fresh or frozen tumor samples 
are preferred over formalin‑fixed tumors. If one of the 
two mutations is identified in blood DNA, the germline 
status is confirmed; if not, the risk of germline disease is 

reduced to <1%.[45] In case of a rare scenario in which no 
RB1 mutation is identified in the tumor DNA, MYCN 
amplification should be looked for in the tumor tissue.

The techniques of RB1 mutation identification are 
summarized in Table 3. Molecular testing can comprise 
single gene testing or a multi‑gene panel. A series of tests 
are generally offered by specialized laboratories of which, 
currently, the most efficient way is next‑generation 
sequencing  (NGS). 70%–75% of germline mutations 
are identified by NGS. It is, however, unable to 
identify large RB1 deletions or duplications. Multiplex 
ligation‑dependent probe amplification, quantitative 
multiplex PCR or array are used to identify large RB1 
deletions. Large chromosomal rearrangements and 
deletions (as in 13q deletion syndrome) can be picked up 
by karyotyping or fluorescent in situ hybridization. If no 
mutations are found by the aforementioned techniques, 
methylation analysis of RB1 promoter is carried out to 
identify epigenetic factors.[2]

Genetic Counselling

An exhaustive counselling session can make all the 
difference not only in the management of the child 
diagnosed with RB but also its parents and present 
or prospective siblings. Furthermore, an increasing 
spectrum of reproductive options available today for 
the parent with a germline mutation makes genetic 
counselling truly worthwhile. In general, a pretest 
counselling session is carried out after the initial 
diagnosis, the objectives being to communicate the 
genetic nuances of cancer, to draw up a pedigree chart 
and predict the risk of future generations, to convey 
the risk of second cancers and to offer genetic testing. 
The purpose, cost, risk‑benefit ratio, and likelihood 
of false‑negative results of the genetic tests should be 

Table 3: Techniques of molecular diagnosis of 
retinoblastoma
Laboratory test Purpose
DNA sequencing 
(conventional or next 
generation)

Detects 70%‑75% of germline 
mutations

Single site targeted 
analysis

Tests the sibling or parent for the 
same mutation as that in the proband

Cytogenetic studies 
(karyotyping/FISH)

Identifies gross chromosomal 
deletions or rearrangements

MLPA/QM‑PCR/aCGH Identifies RB1 deletions or 
duplications involving one to several 
exons. Detects 8%‑16% of germline 
lesions

RNA sequence analysis Identifies splicing mutations
Hypermethylation analysis Tests for methylation of RB1 

promoter that silences RB1 
expression (epigenetic mechanism)

MLPA=Multiplex ligation‑dependent probe amplification, QM‑PCR=Quantitative 
multiplex polymerase chain reaction, aCGH=Array comparative genomic 
hybridization, FISH=Fluorescent in situ hybridisation, RB1=Retinoblastoma gene
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meticulously discussed with the parents. The genetic 
testing is then offered to the patients and carried out 
with their consent. A  posttest counseling session is 
scheduled for communicating the results; and discussing 
its implications and further management options. 
A consensus report about the surveillance strategies of 
“high risk” babies was published by a group from the 
American Association of Ophthalmic Oncologists and 
Pathologists; high risk being defined as a baby with 
a family history of RB in a parent, sibling or first‑  or 
second‑degree relative.[45]

The surveillance plan for different clinical and genetic 
scenarios is summarized in Table 4.[2]

Reproductive Options

Due to increased survival rates, more and more adult RB 
survivors are opting to have a family. For a parent with 
a confirmed RB1 mutation, in utero molecular diagnosis 
can be offered by amniocentesis performed during the 
second trimester of pregnancy. Single site targeted 
mutation analysis can be performed in the fetal DNA. If 
tested negative, it helps to lessen the anxiety of the family 
and avoid future examinations of the infant. If positive, 
the couple has a chance to decide about the continuation 

of pregnancy. If a decision is made to continue the 
pregnancy, intensive clinical examinations starting right 
at birth;[46] or serial ultrasounds during the third trimester 
and elective delivery at the first evidence of tumour can 
be carried out.[47-49] Soliman et al. proposed an elective 
early full‑term delivery at 36–38  weeks of gestational 
age in fetuses with a germline mutation, to diagnose 
the tumors when small and hence more amenable to 
focal therapy. They reported a significantly better visual 
outcome and avoidance of systemic chemotherapy and 
enucleation in the majority of the babies delivered and 
treated early.[50] A concern with early elective delivery 
may be its effect on the neuro‑cognitive development 
of the child; though blindness, repeated examinations 
under anesthesia and radiation can affect it as well. 
Preimplantation genetic diagnosis  (PGD) has ushered 
in a new era in the molecular diagnosis of RB; RB being 
the first ocular disease in which PGD has been reported. 
Embryos are generated by in vitro fertilization, the DNA 
from each blastomere is extracted and screened for 
mutations, and the healthy embryos are implanted in 
the uterus. The first case of a healthy infant born thusly 
was reported by Xu et al.[12] Advantages of PGD over 
prenatal screening include ensuring not only a risk‑free 
baby right at the outset of pregnancy but also cleansing 
the future generations of the mutation. Furthermore, it 

Table 4: Estimated risks and surveillance plans in various clinical and genetic scenarios
Proband Bilateral Unilateral
Relative Offspring Unaffected parent Sibling Offspring Unaffected 

parent
Sibling

No genetic 
testing of the 
relative*

Risk (%) 50% 5 2.5 7.5 0.75 0.38
Plan EUAs Search for retinoma EUAs EUAs Search for 

retinoma
EUAs

Positive genetic 
testing for 
known mutation

Risk (%) 100 100 100 100 100 100
Plan PGD/early delivery, 

EUAs, second 
cancer surveillance

PGD/early delivery, 
EUAs, second 
cancer surveillance

Search for 
retinoma, second 
cancer surveillance

PGD/early 
delivery, EUAs, 
second cancer 
surveillance

PGD/early 
delivery, EUAs, 
second cancer 
surveillance

Search for 
retinoma, second 
cancer surveillance

Negative genetic 
testing

Risk (%) 0.006 0.20 0.006 0.006 0.20 0.006
Plan No clinical exam Search for retinoma No clinical exam No clinical exam Search for 

retinoma
No clinical exam

Proband 
mutation not 
found

Risk (%) 50 5 2.5 0.22 0.02 0.01
Plan EUAs Search for retinoma EUAs Clinical 

exam without 
anesthesia

Search for 
retinoma

Clinical exam 
without anesthesia

*When genetic testing is declined or unavailable, the risk can be predicted by extrapolation from a large data of molecular diagnostic results from retinoblastoma 
families. EUA=Examination under anesthesia, PGD=Preimplantation genetic diagnosis
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helps avoid distressing decisions such as termination 
of pregnancy or early induced delivery. Although its 
inaccessibility is a problem today; the health‑related, 
psychosocial and overall financial advantages PGD offers 
are sure to make it a forerunner in the management of 
familial RB in the near future.

A rightful place in the Tumour Node 
Metastasis (TNM) Classification

In 2017, the American Joint Committee on Cancer 
acknowledged the major role of heritability in the 
surveillance plan and prognosis of RB by incorporating 
an additional “H” factor in the traditional tumor node 
metastasis staging scheme.[51] RB thus became first cancer 
to have a genetic diagnosis linked to its staging.

Conclusion

The highly morbid, reasonably curable and distinctly 
predictable inheritance pattern of RB; not to mention 
its propensity to affect our young, forms the basis of 
aggressively encouraging genetic diagnosis in all patients 
of RB. Parents should be explained the overall financial 
advantage of opting for genetic testing. Genetics is fast 
becoming a therapeutic tool in RB management in the 
form of targeted gene therapy, biomarkers for predicting 
metastasis risk and prenatal diagnostic techniques. Since 
genetics forms the essence of this cancer, it is worthwhile 
to have a thorough knowledge of its working and to urge 
parents to opt for genetic counselling and molecular 
diagnosis for timely treatment, for avoiding unnecessary 
expenditure and anxiety, and for a finer quality of life 
of the RB warrior.
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