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m The Retinoblastoma Gene
Background

Retinoblastoma affects approximately I infant in 15,000 to 20,000 live
births in the United States each year [1-3]. The incidence of retinoblas-
toma among the various geographical populations is relatively constant,
indicating that environmental influences play little role in the development
of this malignant intraocular tumor. Prior to the 1860s, before the role of
enucleation in the management of retinoblastoma was known, most cases
of retinoblastoma proved fatal. At that time, little was suspected about the
inheritance patterns of this tumor because few patients, if any, survived to
reproductive age. Later, as more patients survived and had children of
their own, more evidence arose suggesting the hereditary nature of retino-
blastoma [4]. It is now known that retinoblastoma can be inherited as a
familial tumor in which the affected child has a positive family history of
retinoblastoma or as a nonfamilial (sporadic) tumor in which the family
history is negative for retinoblastoma. Approximately 6% of newly diag-
nosed retinoblastoma cases are familial and 94% are sporadic. All patients
with familial retinoblastoma are at risk to pass the predisposition for the
development of the tumor to their offspring.

Retinoblastoma is generally classified in three different ways: familial
or sporadic, bilateral or unilateral, and heritable or nonheritable. Clini-
cally, we tend to use the first two classification schemes. Thus a case may
be classified as unilateral sporadic, bilateral sporadic, unilateral familial, or
bilateral familial. Approximately two-thirds of all cases are unilateral and
one-third are bilateral. Genetically, it is simpler to discuss retinoblastoma
in terms of the latter classification, heritable or nonheritable. The three
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classification schemes, however, are interrelated. All bilateral cases are her-
itable, whether familial or sporadic. The sporadic bilateral cases result
from mutations in the parental germ line, and the mutation will be trans-
mitted to 50% of the parent’s offspring. All familial unilateral cases are,
of course, also heritable, but only a minor fraction of sporadic unilateral
cases is heritable. In toto, nearly 60% of retinoblastoma cases are not heri-
table, and these are all unilateral.

In 1971, Knudson [5] proposed the “two-hit” hypothesis to explain the
events that are necessary for both heritable and nonheritable retinoblas-
toma. His theory was based on a comparative analysis of unilateral and
bilateral retinoblastoma cases. He proposed that the development of any
retinoblastoma was caused by two complementary chromosomal mutations.
Each of these genetic events can occur randomly with a frequency of ap-
proximately 10~7 per cell division. In the case of heritable retinoblastoma,
the initial event or “hit” is a germinal mutation that is inherited and found
in all cells of the offspring. The second “hit” occurs sometime during
development and, if it occurs in a somatic cell such as a retinal cell, then
retinoblastoma develops. Therefore, in heritable cases of retinoblastoma,
all cells in the body are predisposed to possible tumor development since
germ line mutation (first hit) has been inherited in all cells of the body,
including the ovaries and testes. This may help to explain the high inci-
dence of second nonocular tumors, such as osteosarcoma, seen in patients
with heritable retinoblastoma, whether familial or sporadic [6—8]. The off-
spring in cases of heritable retinoblastoma will likewise be predisposed
because their germinal mutations will be passed on. By contrast, in most
cases of unilateral sporadic retinoblastoma, the two hits occur during devel-
opment of the retina, and both are somatic mutations [9]. The rest of the
body theoretically carries no higher risk to develop other tumors because
these patients presumably have normal chromosomal structure elsewhere
in the body.

Knudson’s theory provides an explanation for the similarities and dif-
ferences between heritable and nonheritable retinoblastoma. Ophthalmo-
scopically and histopathologically, heritable and nonheritable retinoblas-
toma are indistinguishable [10]. The major differences between heritable
and nonheritable retinoblastoma are that the heritable tumor usually oc-
curs at a younger age and is more likely to be bilateral and multicentric
[11], and the affected patient is at higher risk for nonocular tumors than
is the patient with nonheritable retinoblastoma [6—8, 12]. The rationale
for this finding is that the probability for the one hit necessary for tumor
formation in heritable cases is orders of magnitude greater than the proba-
bility for two independent hits to occur in the nonheritable cases. It un-
doubtedly takes longer for the two unlikely events to occur in nonheritable
cases, and it is highly unlikely that these two events will occur again at
another retinal location, thereby explaining the older age at clinical presen-
tation and the lack of multicentricity in nonheritable retinoblastoma. The
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reason for the higher likelihood of second nonocular tumors in heritable
retinoblastoma [6—8] is that all the cells of the body already have inherited
a single hit or germinal mutation on one chromosome 13, which may
predispose them to other cancers found in association with chromosome
13 defects [13]. These patients are predisposed to nonocular tumors if the
second hit occurs, mutating or deleting the normal copy of the gene on
the remaining chromosome 13. In nonheritable retinoblastoma, both hits
need to occur in a solitary cell, which is statistically less likely.

Excess cancer in relatives of patients with heritable retinoblastoma and
advanced paternal age support the findings of the genetic influence in
retinoblastoma and other solid childhood tumors [14—16]. Excess nonocu-
lar cancer in relatives provides strong evidence that the gene that controls
retinoblastoma is a cancer gene with other target sites [14].

The first clue as to the location of the retinoblastoma gene was recog-
nized by Stallard [17] in 1962 when he reported the case of an infant with
retinoblastoma who had a deletion in one of the D-group chromosomes.
The D-group chromosomes include numbers 13, 14, and 15. It is difficult
to distinguish these three chromosomes without the cytogenetic techniques
that evolved in the 1960s. Additional cases of D-group deletion retinoblas-
toma were recoghized, and retinoblastoma became known as a part of the
D-deletion syndrome. In the 1970s, high-resolution chromosomal banding
showed that the affected chromosome in patients with retinoblastoma was
chromosome 13 [18]. Because of this, the syndrome was renamed the 13-
deletion syndrome. In 1976, the locus of the deletion was found to be the
ql4 band—that is, the 14 band on the long arm (q) of the thirteenth
chromosome.

It has recently been determined that the retinoblastoma locus consists
of a very large gene spanning more than 200 kilobases on chromosome 13
[19]. An intact gene protects agalnst expression of retinoblastoma. It is
believed that the gene is a recessive suppressor gene and may play a role
in cell growth and development [20]. For retinoblastoma to develop, both
copies of the gene at the 13ql4 locus must be lost, deleted, mutated, or
inactivated [20]. If either the maternal or paternal copy of the gene that
is inherited by an individual is defective, then that individual is heterozy-
gous for the mutant allele. Tumor formation requires both alleles of the
gene to be mutant or inactive. These two mutations correlate with the two
hits theorized by Knudson [5, 9].

The retinoblastoma gene has been demonstrated to be missing or re-
arranged on approximately 40 to 100% of retinoblastoma tumor tissue [13,
21, 22]. Even when no deletion is found, the message from the gene has
been found to be altered or absent. In these cases, it is likely that some
minute structural changes on the gene are present and are too submicro-
scopic to be identified with routine karyotyping methods.

Only 5 to 6% of patients with retinoblastoma are found to have a
visible deletion in chromosome 13 when studied by peripheral blood sam-



70 m Shields et al.

pling [23, 24]. Approximately 6% of our patients with retinoblastoma have
been found to have a chromosomal abnormality involving 13q; one-half
were unilateral cases and one-half were bilateral cases [23]. It is hypothe-
sized that many more patients have chromosomal deletions that are not
detected by normal banding chromosomal studies because the deletions
are too small for identification. Exquisitely high-resolution banding studies
may detect chromosomal mosaicism—that is, the deletion on some but
not all cells. More recently, newer techniques of analysis of the DNA of
chromosome 13 have enabled investigators to identify very small deletions
that would otherwise have been too small to detect on chromosomal band-
ing [25, 26]. This technique is now used to study large cohorts who are at
risk for retinoblastoma, but it is very time-consuming and expensive.

13q14 Syndrome

The 13q14 syndrome may be manifested by several phenotypical ab-
normalities. Many patients have minimal or no visible abnormality [27].
The characteristic findings include one or more of the following dysmor-
phic features: microcephaly, broad prominent nasal bridge, hypertelorism,
microphthalmos, epicanthus, ptosis, protruding upper incisors, micro-
gnathia, short neck with lateral folds, large prominent low-set ears, facial
asymmetry, imperforate anus, genital malformations, perineal fistula, hy-
poplastic or absent thumbs, toe abnormalities, and psychomotor and men-
tal retardation [28-30]. The midface of patients with 13q deletion may
show prominent eyebrows, broad nasal bridge, bulbous-tipped nose, large
mouth, and thin upper lip (Figure) [30-32]. We recently reported a case
of severe midline facial and central nervous system abnormalities in a child
with 13q abnormalities that manifested retinoblastoma and holoprosen-
cephaly [33].

Karyotype analysis of children with these or other dysmorphic features
may allow earlier detection of retinoblastoma. We have seen 2 cases of
retinoblastoma that were initially suspected owing to recognition of these
dysmorphic features, which prompted a karyotype analysis revealing a
deletion in chromosome 13. This finding subsequently prompted a retinal
examination, which revealed unilateral multifocal tumors in both cases

[30].

Linkage Markers

Prior to the identification of the retinoblastoma gene, linked markers
such as esterase D were used to identify individuals who had the heritable
form of retinoblastoma. Esterase D is an enzyme expressed in all cells that
is coded on chromosome 13. If both of its alleles are fully active, then the
enzyme is measured as 100% activity. If one allele is missing, then the
activity drops to 50%. Esterase D has been found to be closely linked to
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Dysmorphic features of the 13q deletion syn-
drome showing the flat broad nasal bridge, bul-
bous tip of the nose, low-set ears, and promi-
nent eyebrows.

the retinoblastoma gene on the thirteenth chromosome. In fact, it has been
found to lie in the proximal portion of the 13q14 locus [34]. Because of
this tight association with retinoblastoma, screening for the retinoblastoma
gene by testing for esterase D levels has been used. If the activity of esterase
D is 50% of normal or less, then a chromosome 13 deletion and possible
retinoblastoma gene deletion are suggested.

m Genetic Counseling
Future Offspring

One of the more important but often neglected steps in the manage-
ment of a patient with retinoblastoma is genetic counseling [35]. Unfortu-
nately, the ophthalmologist who manages an infant with retinoblastoma
may eventually lose follow-up of the patient over the years after the eyes
are successfully treated. The parents may be reluctant to inform the child
that he or she had cancer during infancy and may even lead him or her
to believe that the eye was removed because of trauma or infection. The
patient may grow up and have children without realizing that there is a
possibility of transmitting a malignant tumor to them.

When counseling the patient and family about the possibility of future
children developing retinoblastoma, it is critical to know whether the child
or family carries a germinal mutation for the retinoblastoma gene. There
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are several clinical features that help identify those families that may carry
the retinoblastoma gene. Patients with bilateral retinoblastoma and those
with a positive family history of retinoblastoma can be assumed to have a
germinal mutation for the retinoblastoma gene; therefore these patients
are at a 50% risk of passing this gene to future children. The retinoblas-
toma gene is approximately 80% penetrant so that only 40% of these pa-
tients’ offspring will manifest the clinical findings of the gene, and some
offspring may only be carriers of the gene without developing retinoblas-
toma [36].

Only 6% of patients with newly diagnosed retinoblastoma will have a
family history of the cancer (familial), and 94% will have no family history
(sporadic). Approximately 15 to 20% of unilateral sporadic retinoblasto-
mas are caused by germinal mutations that, by chance, affect only one eye.
The remaining 80 to 85% are somatic mutations that occur only in the
retina and are nonhereditary so that the patient cannot transmit the disease
(Table 1) [37]. Bilateral or multifocal unilateral retinoblastomas represent
germinal mutations in theoretically 100% of cases. Such patients have a 40
to 50% chance of passing the disease to their offspring. Based on genetic
studies, Tables 2 and 3 outline general percentages that are helpful when
counseling retinoblastoma families and predicting the chance that future
children will inherit retinoblastoma [38, 39].

Table 1 Retinoblastoma Type and Laterality (%)

Bilateral Unilateral ‘Total

Hereditary 25-30 15-20 40-50

Nonhereditary 0 50-60 50—-60
Total 25-30 70-75 100

Source: Reprinted with permission from AB Reese, Tumors of the eye. Hagerstown, MD: Harper & Row,
1976:127.

Table 2 Risk for Future Offspring to Develop Retinoblastoma (RB)
When There Is a Negative Family History*

If the affected patient has:
Unilateral RB Bilateral RB

Then the chances for retinoblastoma in the offspring of the following family mem-
bers are:

Parent of affected patient 1% 6%
Affected patient 8% 40%
Normal sibling of affected patient 1% <1%

*Assumes an 80% penetrance.
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Table 3 Risk for Future Offspring to Develop Retinoblastoma (RB)
When There Is a Positive Family History*

If the affected patient has:
Unilateral RB Bilateral RB

Then the chances for retinoblastoma in the offspring of the following family mem-
bers are:

Parents of affected patient 40% 40%
Affected patient 40% 40%
Normal sibling of affected patient 7% 7%

*Assumes an 80% penetrance.

Second Primary Tumors

Another important aspect of genetic counseling concerns the develop-
ment of new unrelated cancers in survivors of bilateral or heritable retino-
blastoma. It is now recognized that a child with retinoblastoma has approxi-
mately a 5% chance of developing another malignancy during the first 10
years of follow-up, 18% during the first 20 years, and 26% within 30 years
[12]. The 30-year cumulative incidence is approximately 35% for those
patients who received radiotherapy (external beam therapy) as compared
to an incidence rate of 6% for those patients who did not receive radiation.
Therefore, patients with bilateral retinoblastoma have an increased inci-
dence of second tumors, and this rate is further increased in those treated
with external radiotherapy [12]. Osteogenic sarcoma, often involving non-
irradiated sites such as the femur, is most common, but other tumors such
as spindle cell sarcoma, chondrosarcoma, rhabdomyosarcoma, neuro-
blastoma, glioma, leukemia, sebaceous cell carcinoma, squamous cell carci-
noma, and malignant melanoma have also been recognized [12, 40—43].
The mean latency period for the appearance of the second primary is
approximately 13 years [12]. '

Pineal Tumors

It has recently been recognized that there is a high incidence of pinea-
loblastomas in patients with the hereditary form of retinoblastoma [44].
The pinealoblastoma is identical to retinoblastoma from an embryological,
pathological, and immunological standpoint [45, 46]. This association of
midline intracranial pineal tumors and suprasellar-parasellar neuroblastic
tumors with bilateral retinoblastoma has been termed trilateral retinoblas-
toma [46—48]. The retinoblastoma gene is believed to confer an increased
susceptibility to developing these intracranial tumors [47, 48]. We have
personally seen 13 cases of trilateral retinoblastoma among more than 450
consecutive cases of retinoblastoma evaluated between 1984 and 1991. We
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reported on the findings of our first 13 cases of.trilateral disease and found
that the pineal or parasellar-suprasellar tumor was diagnosed up to 4 years
after the retinoblastoma was found [34; P De Potter et al, unpublished
research]. In one case, the intracranial tumor preceded the diagnosis of
retinoblastoma by 5 months. It is possible that many cases of pinealoblas-
toma were previously misinterpreted as metastatic retinoblastoma to the
brain [46, 47]. Unlike the other second tumors mentioned earlier, the
pinealoblastoma usually occurs during the first 4 years of life [46, 47].
It is usually fatal [46, 47]. The possibility of pinealoblastoma should be
included in the genetic counseling of patients with hereditary retino-
blastoma.

This work was supported by the Eye Tumor Research Foundation, Inc., Philadelphia,
PA.
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