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Abstract

The history of retinoblastoma (RB) goes back to 1597 when Pieter Pawius of 
Amsterdam described a tumor that resembled retinoblastoma. “Fungus haema-
todes” was the first term used to describe retinoblastoma. Later, the American 
Ophthalmological Society approved the term retinoblastoma in 1926. The reti-
noblastoma protein is encoded by the RB1 gene located at 13q14. The functioning 
model of the tumor suppressor genes was first proposed by Alfred Knudson in 
the 1970s who precisely explained the hereditary mechanism of retinoblastoma. 
If both alleles of this gene are mutated, the protein is inactivated and this results 
in the development of retinoblastoma. One mutation can be either germline or 
somatic and the second one is always somatic. Differentiation between sporadic 
and germline retinoblastoma variants requires the identification of the RB1 germ-
line status of the patient. This identification is important for assessing the risk of 
additional tumors in the same eye, the other eye, and the risk of secondary tumors. 
Thus, genetic testing is an important component of the management of all children 
diagnosed with retinoblastoma. In this chapter, we will go over the history, genetics, 
and counseling for patients with retinoblastoma.

Keywords: history, genetics, two-hit hypothesis, RB1 gene, tumor suppressor, 
epigenetics, Knudson, allele, germline, somatic

1. History

1.1 Introduction

Different tumors that resembled retinoblastoma were described in the past, the 
first of which was by Pieter Pawius of Amsterdam in 1597 [1]. The Dutch anatomist 
described a malignancy involving the left eye, temporal bone, and cranium [1]. 
Pawius described the tumor as “filled with substance like brain tissue mixed with 
thick blood and like crushed stone.” The crushed stone may have represented 
retinoblastoma classic calcifications. Then, in 1767, Hayes described another case 
of a child who had presented with the appearance “cat’s eyes in the dark” [2]. This 
was the first description of leukocoria in the scientific literature. In the last two 
centuries, retinoblastoma had different names. “Fungus haematodes” was the 
term used in the early 1800s. This term was used to describe a fungating vascular 
tumor that affected different parts of the body including the globe. Before the era 
of ophthalmoscopy, no one thought the tumor originated from the globe except 
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James Wardrop who had a different opinion. He believed “fungus haematodes” of 
the globe originated from the retina and should be recognized as a distinct entity 
[3]. Wardrop, who was a Scottish surgeon, reached this conclusion based on his 
dissections. However, at that time, Wardrop’s explanation and observation were 
not acknowledged. Wardrop was also the first surgeon to perform enucleation for 
retinoblastoma [3]. In 1854, Virchow suggested the term “glioma of the retina” [4]. 
Flexner and later Wintersteiner noticed tumor rosettes on histopathology which 
resembled the photoreceptors of the retina [5, 6]. Flexner proposed the name 
neuroepithelioma, and both thought that the photoreceptors were the origin of 
the tumor [5]. Finally, in 1922, Verhoeff coined the term retinoblastoma after he 
noticed the histologic similitude between the disease and embryonic retina [7]. 
Four years later, the American Ophthalmological Society decided to adopt the term 
retinoblastoma. In 1970, Tso described the appearance of fleurettes which represent 
advanced photoreceptor differentiation [8].

1.2 Retinoblastoma variants

Hirschberg categorized the disease per its growth into endophytum and 
exophytum [9]. In 1960, Schofield described few cases who had presented with 
hypopyon and no macroscopic evidence of retinoblastoma [10]. After enucleation, 
histological exam showed malignant cells and rosettes were found within the retina. 
He described the cases as having “diffuse infiltrating retinoblastoma” [10]. He gave 
the credit to Ashton who first used the term in 1958 after personal communication 
with him. Schofield stressed on including retinoblastoma as part of the differential 
diagnosis of hypopyon. In 1998, Grossniklaus was the first to use the name “anterior 
variant of diffuse retinoblastoma” [11]. He reported a case that was misdiagnosed 
as anterior uveitis. After the eye was enucleated, the tumor was found to be in the 
peripheral retina, iris, ciliary body, and anterior vitreous. In 1982, Bader et al. 
described three cases of trilateral retinoblastoma [12]. He found out retinoblas-
toma-like tumors in the suprasellar or parasellar region few months before the 
detection of intraocular retinoblastoma in each of the three cases. He concluded 
the association was more than a coincidence and having retinoblastoma gene may 
confer the risk of having other “ectopic” malignancies.

1.3 The history of genetics

In the 1800s, retinoblastoma was thought to be an autosomal dominant heredi-
tary disease. Alfred Knudson, a cancer geneticist, had observed that patients with 
hereditary retinoblastoma developed multiple tumors in both eyes, while patients 
with the non-hereditary form had unilateral tumors. In 1971, Knudson proposed 
the two-hit hypothesis. It states that a second sporadic mutation should occur in 
patients with hereditary retinoblastoma before the development of retinoblastoma 
[13]. The other type described by Knudson was non-hereditary retinoblastoma. In 
non-hereditary retinoblastoma, two sporadic mutations in both alleles of retinal 
cells should take place. In 1986, RB gene was the first tumor suppressor gene to be 
identified in medical history.

1.4 The treatment history

Wardrop advocated enucleation in 1809 as the only treatment [3]. However, 
Wardrop’s patients failed to survive despite enucleation. Von Graefe suggested 
the optic nerve should be excised during enucleation. This resulted in better 
survival rates. One of the major turn points in the history of retinoblastoma was 
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introduction of ophthalmoscope, which allowed earlier detection of retinoblas-
toma. Retinoblastoma was a fatal disease, so the primary was aim to save life of 
affected patients. The first radiation treatment for retinoblastoma was reported, in 
1903, by Hilgartner in Texas [14]. Hilgartner reported the survival of the patient 
but not the eye following a series of X-rays. Verhoeff, in 1921, used radiotherapy to 
cure retinoblastoma [15]. However, 60 years following radiation therapy, Verhoeff ’s 
patient developed lid basal cell carcinoma and recurrence of retinoblastoma [16]. 
In 1930, Moore used surgically inserted radioactive radon seed to cure retinoblas-
toma [17]. Weve introduced the use of diathermy for treating retinoblastoma [18]. 
However, it resulted in major complications including large chorioretinal scarring 
and scleral thinning. Then, Stallard established plaque brachytherapy [19]. External 
beam radiotherapy (EBRT) was used and resulted in improvement in eye survival 
rates [20]. However, EBRT cause second cancers in patients with germline muta-
tions by causing the second hit described by Knudson [21, 22].

Schwickerath used xenon arc photocoagulation to treat retinoblastoma [23]. 
Harvey Lincoff developed cryotherapy for the treatment of small retinoblastoma 
tumors [24]. In 1953, Kupfer was the first to use chemotherapy, nitrogen mustard, 
along with radiotherapy for retinoblastoma [25]. To decrease systemic side effects 
of chemotherapy, the idea of local chemotherapy came up. Kaneko used intra-
arterial chemotherapy for retinoblastoma, which resulted in substantially higher 
drug concentration in the eye [26, 27]. Retinoblastoma mortality rate decreased 
substantially from 100 to 2% in the last 50 years [25]. Indeed, retinoblastoma is a 
story of success and there is still more to come.

2. Genetics of retinoblastoma

2.1 Introduction

Retinoblastoma (RB) is the most common intraocular malignancy in children 
affecting 1 in 18,000 live births which occurs as a result of biallelic inactivation of 
RB1 gene [28]. Hereditary RB is due to heterozygous germline mutation in one copy 
of the RB1 gene, hence is inherited as an autosomal dominant trait. In this form, all 
body cells have a dysfunctional RB1 allele and, thus, are vulnerable to neoplasia. 
The non-hereditary form of RB is consequent to somatic mutations, which is known 
to affect both RB1 alleles in retinal cells [29].

In these patients, RB development requires a second, somatic, mutation in the 
same cells that renders the other allele nonfunctional. The cumulative incidence 
rates of non-ocular tumors reach up to 90% at 30 years in patients who were 
exposed to radiation vs. 68% at 32 years in patients without radiation exposure [30].

The aim of this chapter is to provide a valuable summary of retinoblastoma 
genetics that is essential for genetic counseling and estimation of short-term (mul-
tifocal and bilateral ocular tumors) and long-term (secondary tumors) risks with an 
overall improvement of healthcare planning and management of our patients.

2.2 The RB1 gene and protein function

The RB1 gene located on the long arm of chromosome 13 (13q14) is a negative 
regulator element in the cell cycle process and was the first tumor suppressor gene 
identified [31]. This gene codes for the RB protein which has multiple cellular func-
tions; it prevents the dividing cells from uncontrollable cycles in the mitosis stage 
and has a role in genomic stability, apoptosis, and differentiation [32]. Inactivation 
of the RB protein is usually caused by deletions and nonsense mutations [33].
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2.3 Inheritance of retinoblastoma

Retinoblastoma is an autosomal dominant inherited disease. Thus, there is a 
50% risk of inheriting a germline mutation for each child born to a patient with a 
germline RB1 mutation. However, 90% of the children with a germline RB1 muta-
tion will develop retinoblastoma with an overall risk of having a child with heredi-
tary retinoblastoma of 45%. The remaining 10% of children with the mutated RB1 
gene will be unaffected carriers [34].

More than 900 mutations have been identified in the RB1gene. Different types 
of mutations have been identified in RB1 gene; deletions and gene rearrange-
ments represent majority of mutations (http://www.hgmd.cf.ac.uk/ac/gene.
php?gene=RB1). Additionally, de novo mutation is considered to be present in most 
children with heritable retinoblastoma, as a positive family history is elicited in only 
10% of all affected children, which is then transmissible in subsequent generations. 
In these children, in whom a germline mutation is present with a negative family 
history, 30% have bilateral disease and 60% develop unilateral RB [35]. A germline 
RB1 mutation is present in 15% of children diagnosed with a unilateral RB [34].

The “2-hit” hypothesis, which was first proposed by Knudson, described two 
complementary mutations that are essential for the development of hereditary and 
non-hereditary forms of retinoblastoma. The first “hit,” or mutation, in heritable 
retinoblastoma is a germline mutation affecting all body cells. The second mutation 
is a somatic mutation occurring in many retinoblasts with subsequent multifocal or 
bilateral lesion. On the other hand, the first and second mutations in non-heritable 
retinoblastoma occur somatically in a single retinoblast presenting as a unilateral 
and unifocal retinoblastoma [36].

2.4 Epigenetics of RB

Epigenetics is the study of heritable changes occurring in gene activity and 
expression of a specific phenotype. These changes do not cause alterations in the 
DNA sequence, external and/or environmental factors might affect cellular and 
physiological phenotypic traits [37].

RB1 gene has been linked to the regulation of numerous epigenetic processes. 
These processes include DNA methylation, histone modification, and microRNA 
regulation [38–43]. In addition, dysfunction of RB1 gene causes deregulations in 
many tumor suppressor pathways. Tumorigenesis requires this epigenetic deregula-
tion against which new therapeutic options can be invented. Retinoblastoma was 
the first tumor discovered to be showing the actions of epigenetics on the pathogen-
esis of cancer [44].

2.4.1 MicroRNAs in RB

MicroRNAs are small, conserved, single-stranded, and non-coding RNA that 
comprise 1–5% of the human genome and are involved in regulating at least 30% of 
protein-coding genes [45–49]. MicroRNAs play an essential role in the regulation 
of gene expression governing various cellular and metabolic pathways [50–56]. 
MicroRNAs’ deregulation has been linked to the development of RB and other 
human diseases [57–59]. Thus, microRNA studies on RB have offered novel under-
standings of the disease mechanisms. Messenger RNA (mRNA), a large family of 
RNA molecules that convey genetic information from DNA to ribosome, was also 
studied in cases of RB. A three-fold increase was noted in mRNA levels of ACVR1C/
ALK7 in retinoblastomas invading the optic nerve. This suggests that ACVR1C/
SMAD2 pathway has a function in promoting invasion and growth of RB [60].
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2.4.2 DNA methylation

DNA methylation involves the addition of methyl groups to the DNA molecule. 
This process can change the DNA segment activity without altering its sequence. 
When this segment is located in a gene promoter, DNA methylation usually acts 
to block gene transcription. The role for promoter methylation in retinoblastoma 
development was discovered when there was methylation of a CpG island (CpG 106) 
that overlapped the RB1 promoter [61]. This has resulted in a decreased gene expres-
sion confirming the epigenetic factor in retinoblastoma tumorigenesis [44, 62–64].

Methylation of DNA segment was also reported in tumor suppressor genes 
beyond RB1. These genes include RASSF1A (RAS-associated domain family 1A) 
that was methylated in 59% of tumors analyzed and adenomatous polyposis coli 
(APC) in 6% [65]. Furthermore, hypermethylation of O6-methylguanine-DNA 
methyltransferase (MGMT) was detected in 15% of RB tumors. This was associated 
with advanced-stage RB suggesting that the presence of methylated MGMT is a 
poor prognostic indicator [66].

2.5 Features of heritable RB

2.5.1 13q deletion syndrome

Children with this syndrome may present with characteristic dysmorphic 
features, developmental delay, and intellectual disability. Interstitial chromo-
some deletion or translocation of region 13q14 was found in approximately 6% of 
patients with RB [67]. The larger the size of chromosomal deletion, the more severe 
the associations. Dysmorphic facial features include high and broad forehead, 
short nose, prominent philtrum, and a thick everted lower lip [67]. Karyotype or 
chromosomal microarray is usually performed to detect chromosomal deletions, 
translocations, and copy number alteration [68].

2.5.2 Trilateral RB

Trilateral retinoblastoma indicates the concomitant presence of a heritable 
retinoblastoma and a midline tumor or a pineoblastoma [12, 69]. Around 5–13% of 
patients with RB develop trilateral retinoblastoma [70]. Therefore, in children with 
heritable retinoblastoma, a brain magnetic resonance imaging with gadolinium 
contrast every 6 months is recommended until the age of 5 years [71].

2.5.3 Secondary malignant neoplasms

As patients with heritable RB age, the risk of non-ocular malignancies signifi-
cantly increases. These tumors include osteosarcoma, soft tissue sarcoma, epithelial 
cancers, and melanoma. It has been suggested that a greater risk for second cancers 
occurs in patients with familial RB compared with those with a de novo RB1 muta-
tion [72]. External beam radiation therapy for patients with heritable disease has a 
further increased risk of developing second malignancies.

2.5.4 Low-penetrant retinoblastoma

In a typical “null” germline mutation, there is a 90% chance that patient 
will develop RB. In a few families, however, the penetrance is far less than 90% 
with subsequent reduced expressivity and an increased proportion of unilateral 
RB. Some patients will be carriers with no tumors [73]. These low-penetrant 



Retinoblastoma - Past, Present and Future

6

mutations are usually missense mutations. Moreover, a low level of RB protein 
production due to mutations in the promoter region can occur without total absence 
of the protein [33].

2.6 Genetic testing

2.6.1 Clinical context

Heritability of retinoblastoma is confirmed if a proband with retinoblastoma has 
a family history of retinoblastoma. In the absence of family history of RB, genetic 
testing is required to identify heterozygous germline RB1 pathogenic variants. This 
will allow early diagnosis and identification of potential carriers of the heritable 
RB1 mutations which eventually will improve disease management and family 
counseling.

The following staging system has been proposed to facilitate description of one’s 
genetic risk of possessing germline RB1 pathogenic variant: [74, 75]

2.6.2 Single-gene testing

For bilateral, unilateral familial, and unilateral multifocal retinoblastoma, 
peripheral blood DNA should be tested initially using sequence analysis and gene-
targeted deletion/duplication analysis of RB1. If blood testing did not reveal any 
mutation, molecular analysis of tumor DNA (if either eye was enucleated) should 
subsequently be done. Mosaicism can be assumed if germline mutation was not 
found in this group of patients [76].

For unilateral unifocal non-familial retinoblastoma, the chance of carrying 
RB1 germline mutation is 15%. And, with the high sensitivity of RB1 mutation 
detection techniques which reach up to (95%), testing blood from unilateral 
patients, extracted at the time of the first examination under anesthesia may 
confirm the diagnosis of germline RB1 mutation. If blood DNA testing did not 
reveal any mutation, molecular analysis of tumor DNA (if the eye was enucle-
ated) should subsequently be done. If pathogenic variants were detected in the 
tissue, the blood DNA should be re-tested looking for these specific variants or 
any large rearrangements within the RB1 gene. If tumor tissue was unavailable, a 
negative blood result will reduce the chance of possessing a mutation to less than 
1%. With such very low risk of RB development, the proband needs no additional 
exam under anesthesia and frequent examination in the clinic is sufficient. The 
same conclusion also applies to the offspring.

It has been previously reported by Rushlow et al. that retinoblastoma is not 
exclusively caused by mutations in RB1 gene; mutations in MYCN oncogene has 
been predicted to be responsible for 18% of cases diagnosed with non-familial 
unilateral RB in children less than 6 months of age. They reported group of patients 
who harbored mutations in MYCN amplification and no RB1 mutations. An addi-
tional 1.5% of patients with unilateral non-familial RB were found to have normal 
RB1 and MYCN genes [77].

HX Unknown or insufficient evidence of a constitutional (germline) RB1 pathogenic variant

H0 Normal RB1 alleles in blood tested with demonstrated high-sensitivity assays

H0* Normal RB1 in blood with <1% residual risk for mosaicism

H1 Bilateral retinoblastoma, trilateral retinoblastoma (retinoblastoma with intracranial CNS midline 

embryonic tumor), family history of retinoblastoma, or RB1 pathogenic variant identified in blood
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2.6.3 Chromosomal microarray (CMA)

Chromosomal microarray analysis (CMA) is a technology used for the detection 
of clinically significant microdeletions or duplications and genetic rearrangement 
(including RB1), with a high sensitivity for submicroscopic aberrations [78]. It can 
be utilized in retinoblastoma patients with dysmorphic features, developmental 
delay, and/or other congenital anomalies [79, 80].

2.7 Genetic counseling

Genetic testing and counseling are essential parts of RB disease management; 
they help delineate heritable RB for non-heritable ones. The increased knowledge 
of molecular basis of RB allowed for better understanding and management of the 
disease. Genetic evaluation and counseling should be done in collaboration with a 
geneticist and genetic counselor [81]. The aim of the geneticist is to implement the 
proper test to detect the underlying disease causing mutation and communicate with 
the genetic counselor who will educate patients and their families about their condi-
tion in general, discuss anticipated risk of developing subsequent tumors, and con-
struct the appropriate screening plan for the affected individual and their relatives.

At first encounter of a patient and family of retinoblastoma, detailed family his-
tory should be obtained and family pedigree should be drawn with special attention 
to relatives at risk. Then, genetic testing is offered after discussion about purpose, 
possible outcome, and limitations. Specimens are then collected and sent to a spe-
cialized laboratory for analysis. Another counseling session is arranged to convey 
and interpret the reported results. Accordingly, additional testing and counseling 
should be offered to the relatives at risk.

2.7.1 Prenatal screening

In the presence of family history of retinoblastoma and when a specific RB1 
mutation is detected, a pregnancy at risk can be tested by chorionic villus sampling 
or amniocentesis. Prenatal testing and preimplantation genetic diagnosis are 
indicated as approximately 30% of newborns with an RB1 mutation will harbor a 
vision-threatening tumor [82, 83].

Amniocentesis can be used to screen the fetus for carrying RB1 gene using the 
above-mentioned methods. If an RB1 pathogenic variant was identified, then fetal 
ultrasonography may be used to identify intraocular tumor as small as 2–3 mm in 
size [84]. If tumors are present, preterm delivery to allow early treatment may be 
indicated. Alternatively, early term delivery (i.e., 36–38 weeks gestation) can be 
induced even if no intraocular tumor can be detected as this was found to improve 
the visual outcome and reduce the need for invasive tests and therapies in the 
postnatal period [83, 85].

Prenatal testing and management may raise several ethical issues especially if it 
involved termination of pregnancy. A generally accepted approach is to discuss all 
options with the parents and leave them to decide on further steps.

2.7.2 Genetic screening and counseling after birth

Genetic testing should be performed carefully especially when the propand’s 
blood is found negative for pathogenic mutations. It remains possible that large 
genetic rearrangement is being missed or they are mosaicism for RB1 mutation.

Carriers of RB1 pathogenic variants should be frequently examined for develop-
ment of new tumors whether under anesthesia or in the outpatient setting until they 
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reach 9 years of age and the frequency of follow-ups should be reduced thereafter. 
For relatives who do not carry the mutation, no additional monitoring is required 
[86]. However, proband’s offspring will always be at risk of developing RB and be 
tested for the RB1 pathogenic mutation identified and proper counseling and clinical 
monitoring should be implemented. Additionally, all retinoblastoma survivors 
should have life-long surveillance for other lethal secondary tumors [21, 87, 88].
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