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Genetic perspective of retinoblastoma: From present to future

Madhavan Jagadeesan'?, Vikas Khetan®, Ashwin Mallipatna*

Retinoblastoma (RB) is the most common malignant intraocular tumor in children. In the last decade, basic
research has led to a better understanding of events after two hits in RB susceptibility gene (RB1), molecular
mechanism of tumor growth, the cell of origin of RB, etc. This would pave way to identify biomarkers
and molecular targeted therapy for better treatment option in the future. Furthermore, improvement in | DOI:
molecular techniques has led to enhanced diagnostic methods for early diagnosis, genetic counseling, and
prevention of the disease. This review will help to understand the essence of basic research work conducted
in recent times and its implication in the management of RB in the future.
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Retinoblastoma (RB) is the most common malignant intraocular
tumor in children with a reported average incidence of 1 in
every 15,000-1 in every 18,000 live births.! It is second only to
uveal melanoma in the frequency of occurrence of malignant
intraocular tumors. There is no racial or gender predisposition
in the incidence of RB. RB is bilateral in about 25-35% of
cases.””l The average age at diagnosis is 18 months, unilateral
cases being diagnosed at around 24 months and bilateral cases
before 12 months. However, the average age at diagnosis in
India and other developing nations has been 6 months later
than those in the Western population.®! Pawius was the first
to describe RB in 1597.11 Our understanding of the disease in
the form of its etiopathogenesis and genetics has improved
immensely since then. Early diagnosis and newer treatment
modalities have improved the prognosis for survival;, with
more than 90% surviving the disease.F The treatment approach
has changed from enucleation in 1970s to chemoreduction
followed by sequentially aggressive focal therapy. Molecular
characterization of the disease with improved molecular
techniques has helped enormously in understanding the
disease and its management. The availability of molecular
diagnosis and genetic counseling has helped in preventing the
disease in the community.

Etiology and Types

RB is a genetic disease; inactivation of both alleles of RB
susceptibility gene (RB1) (OMIM 180200) predisposes an
individual to the disease.’! The disease can be categorized
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as hereditary (25-35%) and nonhereditary or sporadic
RB (65-75%). The hereditary RB is an autosomal dominant
disease with germline mutation; it accounts for approximately
6% of the newly diagnosed RB.1”! The rest of inherited RB is
without familial transmission and occurs due to the inactivation
of the first RBI allele at the time of conception. In hereditary
type, 85% of tumors are early onset, bilateral, and multifocal
with an average of five tumors per eye, the distribution being
random between the two eyes. In nonhereditary or sporadic RB
both the RB1 alleles are inactivated somatically in the retinal
cells. Sporadic RB results in late-onset, unilateral, and unifocal
tumors. Some children with the familial form of RB develop
pinealoblastoma (trilateral RB).”? The pinealoblastoma has
embryological, pathological, and immunological similarities to
RB. The other clinical variant, retinoma, is an uncommon benign
form of RB. It is considered as spontaneously arrested RB.

RB1 mutation and development of retinoblastoma

Knudson proposed the two hit hypothesis model explaining
the development of RB tumors./! The RBI gene is located in
chromosome 13 at q arm region 14. It spans for about 180 kb in
length, having 27 exons. Transcription of RB1 resultsin a 4.8 kb
mRNA that encodes an 110 kDa ubiquitously expressed nuclear
phophoprotein, pRB containing 928 aminoacid residues. The
tumor is initiated by mutations in both copies of the RB1 gene.
The first allele is inactivated by an intragenic mutation in
the germline (hereditary RB) or a somatic cell (sporadic RB).
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Around 10% of the RBI germline mutations may be present
in only a fraction of the cells of the proband, which could be
due to mosaicism of RBI mutations.! Mosaicism becomes
obvious only when a parent with more than one affected child
with RB does not show the same mutant allele present in the
children. The second allele is lost by one of the mechanisms
involved in the first mutation, but most commonly lost by
processes involving chromosomal mechanism such as mitotic
nondisjunction with the loss of the wild-type chromosome or
duplication of the mutant chromosome, mitotic recombination
between the RB1 locus and the centromere, or gene conversion
and deletion, leading to loss of heterozygosity (LOH) at the
RB1 locus.”' LOH represents 50-70% of the second hit in RB.["!
In unilateral RB, silencing of the RBI gene due to methylation
of the promoter region is also a known mechanism of one of
the two hits.

More recent studies also show that RB tumors may differ in
the mutagenic pathway they take from normal to the malignant
cell, for example, Most of the RB is caused by RBI mutation,
while some are caused by amplification of the MYCN gene.
Less is known about the development of the MYCN*"F tumors
beyond the initiating amplification of the MYCN oncogene.'!l Is
MYCN amplification the only genomic event driving malignancy
of these tumors and do these skip bypass RBI mutation? Are
these tumors different pathologically? These questions remain
unanswered and, therefore, require further study.

What determines the phenotype variability in retinoblas-
toma?

RB has contributed tremendously to the understanding
of cancer. It has provided the classic “two-hit model” for
oncogenesis and has helped to identify the first tumor
suppressor gene RB1. RB is characterized by extensive
phenotype variability: (i) RBI inactivation may result to the
genesis of malignant or benign (retinoma/retinocytoma)
tumors.!'>" In some, malignant tumors can undergo
spontaneous regression” and retinomas occasionally get
reactivated and develop into malignant tumors.!"? (ii) Tumors
may be unilateral or bilateral, unifocal, or multifocal. Bilateral
and multifocal tumors are usually associated with a de novo
or inherited germline mutation while unilateral tumors are
usually secondary to somatic mutations. This phenotypic
variation is attributed to the presence of an inactive RBI allele
in all retinal precursor cells in both eyes of the patients with
germline mutations, resulting in a higher possibility of a peri- or
post-natal second mutational event of the other RBI allele
being taken up by more cells. The germline RB mutation is
homogenous across all retinal cells, in spite of this, why tumor
event occurs in few and not in all retinal cells remains a puzzle.
On the other hand, in a sporadic form of the disease, both hits
occur during the postnatal period with a lower likelihood of the
event affecting more than a subset of precursor cell population
in one eye.! (iii) RB is commonly present as discrete tumors but
occasionally diffuse and infiltrate. Phenotypic variations in RB
offer numerous clues to disease pathogenesis. Understanding
the molecular and biological basis of the phenotypic variation
will provide insight into the mechanisms underlying tumor
progression.

Recently, studies have shown that RB1 gene inactivation
alone is insufficient to induce tumorigenesis and that there
are additional genetic and stochastic events that underlie

uncontrolled retinal precursor cell proliferation. Comparative
genomic hybridization and gene expression studies have
facilitated the probing of genes controlling basic events in
cellular development viz., proliferation, differentiation,
and apoptosis. Knowledge of these additional mechanisms
is essential, as it will aid better management and possible
prevention of the disease.

What makes retinoblastoma proliferate?

Recurrent genetic changes in addition to RB1 inactivation
happens in human RB tumors. The minimal regions most
frequently gained in the chromosomes of RB were shown to be
1q31 (52%), 6p22 (44%), 2p24-25 (30%), and 13G32-34 (12%) and
the most commonly lost was reported as 16p22 (14%).1>!l Few
candidate genes responsible for some of these chromosomal
imbalances have been proposed; these include the leukemic
oncogene DEK and the transcriptional factor E2F3."' MYCN
gene amplification in the 2p24-25 regions, and cadherin II
loss in the 16q22 region are other candidate genes proposed to
affect RB development and progression.['® Analysis of the gain
site in 1q31-32 regions by quantitative multiplex polymerase
chain reaction (PCR) and quantifying the genes in the site has
revealed KIF14 (a kinesin gene) as a candidate oncogene with an
increased expression of more than two orders of magnitude.!'”!
Studies have shown that patients with older age at diagnosis
had a significantly higher expression of KIF14 compared to
early diagnosed patients.!'"!

Micro array-based expression analysis found E2F3 to be
overexpressed in RB. Later, these findings were also confirmed
by real-time PCR. Integration of data from genomic gain
analysis and expression analysis in this study indicates
E2F3 gene as a promising candidate for 6p22 gain rather
than KIF13A as previously suggested.!" E2F3 in conjunction
with its dimerization partner regulates genes that play a role
in DNA replication, such as H2 folate reductase, DNA
polymerase a,?! histone H2A9 and proliferating cell nuclear
antigen.” They also found that tumors with complete
gains at loci on 6p were diagnosed significantly later with a
median Age at diagnosis (AAD) compared to children whose
tumors showed no or partial 6p gains." Chromosome 6p
gain is also common in bladder cancer and is associated with
an elevated risk of progression of bladder cancer.” Through
real-time PCR, we demonstrated a very high expression of E2F3
in alarge cohort of human RB, which clearly demonstrates the
role of this gene in RB proliferation.*!

Recent evidence point out the importance of p16™ 4 in
RB progression. p16™* is a senescence protein capable
of arresting proliferative cell at G1 phase of cell cycle. RB1
inactivation in the retinal cells causes genomic instability which
triggers proto-oncogenes (such as KIF14 and E2F3) to cause an
increase in proliferation. During the early stages of abnormal
proliferation of retinal cells, p16™*** gets overexpressed and
prevents further proliferation that may result in the occurrence
of retinoma. Indeed, retinoma can remain quiescent throughout
life without progereing to a malignant invasive tumor. Rare
cells may escape the induction of senescence, either by
inactivation of p16™*** or no activation of p16™* in the first
place and go on to clonally progress to RB with activation
of oncogenes through genomic instability. However, clinical
evidence strongly suggests that the rare retinoma that remains
stable and unchanging under observation can sometimes later
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progress to an active, malignant RB, perhaps by the failure of
senescence.®!

PRB has been found to play an important role in cell cycle
exit and terminal cellular differentiation. In addition to pRB,
the role of other proteins in the pathway has been extensively
studied in retinal cell development. The members of Cip/Kip
family of cyclin-dependent kinase inhibitors (CKIs), p27Kip1
and p57Kip2, have been shown to be important in determining
the time at which the cell exits and determines the cell fate in
the retina.?**! A member of the Cip/Kip family of CKls, p27
has been found to be the component of an intrinsic timer which
is important for retinal development.***!l Apart from its role in
cell cycle exit, it also plays an important role in differentiation
of retinal cells.® The role of this protein has not been studied
in human RB. Studies on another CKIs - p57 in mouse retina
gave the first evidence of cell cycle exit;**! it has been detected
in a subpopulation of differentiating amacrine cells confirming
its role in differentiation of retinal cells.* It has been found in a
large cohort of RB patients that the expression of p57 was either
normal or less, which was also replicated at the protein level.l*"

It was believed that RB arose from death-resistant cells, which
escaped an intact p53 pathway.*® However, recently a study
has shown that a defective p53 pathway may be responsible
for the progression of RB.*”! The study demonstrated that
the p53 pathway was inactivated in RB1 deficient cells due
to amplification of MDMX and MDM2. MDMX and MDM?2
are structurally related proteins that act as antagonists of p53.
Under normal conditions, levels of p53 protein are kept low,
partly through negative regulation by MDM proteins. MDM2
is an enzyme that tags p53 with an ubiquitin molecule (Ub),
thereby promoting p53 degradation. MDMX also interacts
physically with p53 and inhibits its gene-regulatory activity.
The study also showed that nutlin-3 (an inhibitor of the
MDM2-p53 interaction) efficiently killed RB cells. An important
component of the p53 tumor surveillance pathway is p14.7%
When RB activity is lost, the transcription factor E2F activates
the transcription of p14.*! p14 then inactivates MDM2,40!
leading to p53-mediated apoptosis, and exit from the cell cycle.

The tireless efforts of scientist to understand the events that
follow RBI inactivation for tumor progression have laid a
foundation to recognize the probable pathogenic signature
of this tumor [Fig. 1]. As soon as both copies of RB1 are
inactivated, the immature retinal transitional cells become
genetically unstable and uncontrollably proliferative. During
this stage, the proliferation is countered by the senescence
protein p16™K4 If the proliferating cells respond to the action
of p16™¥#4 the tumor stops its proliferation and gets arrested
as retinoma. On the other hand, if the genetic instability in
the abnormal retinal cell takes the upper hand (increase in
KIF14 and E2F3 levels), it counters and overtakes the cellular
senescence and become malignant. Normal or slightly
lower expression of P27 and p57 may not be able to counter
the proliferative capability of the very high expressing
oncogenes (KIF14 and E2F3). By nullifying the activity of p53
induced cell death (overexpressing MDM?2), the retinal tumor
cells escape cell death and progress.

Additional events beyond

two hits in RB progression
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Figure 1: Events that leads to the progression of retinoblastoma

Identifying the cell of origin of RB may help to answer questions
regarding phenotype variability and progression of the tumor.
Transgenic mouse models of RB have given important clues to
the cell of origin of human RB.*!! Unfortunately, RB has been
developed from different types of retinal cells using animal
models. Arecent human study reveals that RB cells have several
intrinsic features of cone photoreceptors.*”! what determines
the cell of origin of RB in humans and animal models? Does
the time of pRB inactivation determine the cell of origin of
RB?™! As retinal cells strictly follow the competence model
for retinal development; cones cells are the first to develop
during human retinal embryogenesis, lack of pRB due to RB1
inactivation at the time of conception may lead to lack of cell
cycle exit and differentiation in early forming cone cells which
could probably trigger RB formation. The cone phenotype of
RB in human RB suggests but does not prove that the disease
has arisen from cones. Early response of retinal cells to RB1
loss needs to be understood to come to a conclusion on the cell
of origin of RB.[* Despite the theories regarding cell of origin,
ocular coherence tomography images of small tumors show
that the tumors seem to arise within the inner nuclear layer.!*!

Future Therapy for Retinoblastoma

Improvement in our understanding on the molecular wiring
of RB would result in a better treatment option in the future.
The treatment modality would be targeted along the pathway
deciphered in RB proliferation. This may include deactivating
the overexpressed KIF14 and E2F3 and improving cell exit
from the cell cycle. Further improving the P53 death signaling
pathway and placing the proliferative cell in senescence may
help in controlling the tumor growth at an early stage of
the disease. Understanding the cell of origin may help us to
intervene at the appropriate time to prevent the occurrence of
the disease.

Molecular Diagnosis of Retinoblastoma

In routine clinical practice children suspected with the risk of
RB are subjected to ophthalmic examination as an outpatient
procedure or under anesthesia routinely at regular intervals till
the clinician feels that the risk of tumor formation is negligible.
A better method of screening the children with a risk of
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developing RB is required to replace the subjective method
described earlier. Molecular diagnostics for RB can offer an
accurate risk prediction and effective management. An efficient
diagnostic model for RB could reduce the overall health care
costs and also avoid unnecessary anxiety and worry for the
family.*%! European Molecular Quality Network (EMQN) has
evolved “the best practice guidelines for molecular analysis of
RB” based on the reports drawn up from the workshops run by
EMQN.®1 According to this model, peripheral venous blood is
screened for mutation in bilateral RB and familial unilateral RB
patients. In nonfamilial unilateral RB patients which warranted
enucleation due to the advanced stage of the disease, tumor
samples are screened for mutation and then the peripheral
blood lymphocytes are examined for specific mutant alleles
seen in the tumor to rule out germline mutation. The advent
of next generation sequencing has tremendously improved the
molecular screening of RB1 gene. The time taken and the cost
to screen the entire RB1 coding region have decreased with
next generation sequencing technology.

Genetic Counseling for Retinoblastoma

This inherited childhood cancer requires a proper genetic
counseling for prevention, early detection and to plan a better
management strategy for patients and their families. The arrival
of molecular diagnostics for RB has enhanced the counseling
protocol for families. The counseling schedule can be split
into pre- and post-test (molecular testing) counseling. During
pretest counseling, pedigree of the family is constructed based
on the history. The analysis is made for potentially inherited
disease in the family. The nature of the disease is elaborated.
The genetics of RB is discussed, paying attention, particularly
to the importance of knowing the inherited and sporadic RB.
In bilateral and familial patients, the risk of transmission of
the defective allele and occurrence of the disease is explained.
Abrief discussion on the molecular testing for RB and various
results are interpreted. Presentation of risks and benefits of
each option, with careful attention to patient comprehension,
should be done. In posttest counseling, the explanation of the
test results, the implication for further testing if needed and the
management strategy based on the test report are discussed.
Emotional support followed by the composition of a summary
and referral letter shall be provided. Long-term support and
follow-up of the affected families for proper guidance with
respect to rehabilitation and research updates is a requirement.
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