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MUTANT MICE SHED NEW LIGHT ON RETINOBLASTOMA
M.L. Hooper*

Retinoblastomas are childhood retinal tumours of which
about 40% of all cases are familial. Knudson1 proposed
that these tumours arise as a result of two mutational events,
and that in familial cases one mutation is inherited in the
germline (constitutional) and one is acquired somatically,
while sporadic cases result from two somatic events. Recent
molecular analysis has confirmed that the latter is true, and
demonstrated that both events involve modification or loss
of an allele of the same gene, RB-1.
THE RB-1 GENE

The RB-1 gene has become the paradigm for a class of
genes termed ‘tumour suppressor genes’, whose defining
feature is that when functioning normally they prevent
the development of one or more types of cancer.2 More
than 90% of individuals constitutionally heterozygous for
an RB-1 mutation develop retinoblastoma as a result of the
occurrence of a somatic event in one or more cells of the
retina (or of its precursor tissues) that eliminates the function
of the wild-type allele (i.e. the normal copy of the gene),
most commonly by allele loss (reviewed in reference 3).
There are several candidates for the exact cell type of origin
of retinoblastoma including primitive neurotubular cells,
glial cells and photoreceptor cells, the last possibility being
most consistent with biochemical, immunocytochemical
and morphological properties of the tumour. 4
Photoreceptor-like ultrastructural features are particularly
marked in benign tumours, termed retinomas or
retinocytomas, which develop in a small proportion of RB1 heterozygotes and are thought to result from loss of the
residual wild-type allele in a cell from the same lineage as
the retinoblastoma precursor cell type but at a more mature
stage of development.5 These tumours have been described
as cone-like,6 although this should not be over-interpreted
since the structural features that distinguish rods from cones
in retinal epithelium would probably be obscured in a
tumour. In addition to retinal tumours, about 15% of RB1 heterozygotes develop osteosarcomas.3 RB-1 allele loss
also occurs sporadically in carcinomas of the breast, prostate,
lung and bladder, although there is no detectable increase
in incidence of these tumours in germline heterozygotes.3
FUNCTION OF THE RB-1 GENE

The function of the protein coded by the RB-1 gene is
now quite well understood at the biochemical level: it is
present in most cell types and forms part of a pathway
involved in the regulation of the cell cycle. Two other,
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structurally related, proteins, coded by distinct genes, p107
and p130, have functions similar but not identical to that
of RB-1. This is not discussed in detail, but the interested
reader is referred to a recent review by Mulligan and Jacks.7
The biochemical analysis, however, sheds relatively little light
on the question of why inactivation of the gene leads
specifically to retinoblastoma and not to tumours in other
tissues.
A powerful means of investigating the role of a gene in
the function of the whole body is to examine the
consequences of inactivating it in an experimental animal.
As recently as ten years ago, animals with mutations in a
chosen gene could only be obtained by chance, but a group
of techniques, known collectively as ‘gene targeting’, has
recently been developed in the mouse which makes it
possible to introduce designed mutations into chosen genes.
The technical details were reviewed recently elsewhere.8
There are, of course, many differences between mice and
humans, and it is therefore not surprising that the effects
of similar mutations in the two species can show both parallels
and contrasts. It has sometimes been argued that this makes
the study of mice irrelevent to an understanding of human
disease. However, this is far from the case: even where the
effects are different, comparison of the two species can
generate hypotheses whose relevance to human pathology
can be directly tested. Here I will review how this has
been possible in the case of retinoblastoma.
PHENOTYPE OF MOUSE Rb-1 MUTANTS

The mouse gene, designated Rb-1, has 91% sequence
homology to the human RB-1 gene,9 and is clearly the
equivalent gene. Unlike humans of similar genotype, mice
heterozygous for a Rb-1 null mutation (i.e. a mutation that
inactivates the gene) do not develop retinoblastomas but
do develop pituitary adenocarcinomas.10-13 The latter
tumours develop from the melanotroph cells in the
intermediate lobe of the hypophysis, a structure which is
present only in vestigial form in the human adult; this
probably accounts for the absence of corresponding tumours
in human heterozygotes. In addition to the pituitary tumours,
medullary carcinoma of the thyroid gland develops in some,
but not all, of the sublines of Rb-1 heterozygous mice that
have been independently produced in different
laboratories.12,13 The difference between the sublines may
be a consequence of differences in the targeted Rb-1 allele,
in the genetic background or in environmental exposure.
No case of constitutional homozygosity for a null RB1 allele has ever been documented in humans, and so it
was only when Rb-1 mutant mice were produced that it
became possible for the first time to study the consequences
of germline homozygosity at this locus. When heterozygous
mice were intercrossed, homozygous embryos failed to
survive to term, and at mid-gestation showed abnormalities
in the haematopoietic and nervous systems, which in both
systems involved increased levels of apoptotic cell death
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and overabundant or ectopic mitosis (reviewed in reference
14). The tissues affected normally show high-level Rb-1
expression and are those in which a mitotically-active
precursor cell population undergoes maturation earliest in
embryonic development to a postmitotic differentiated cell.
This suggests that Rb-1 has a generic role in the maturation
of precursor cells. The presence of parallel effects on cell
division and cell death is consistent with the hypothesis
that Rb-1 functions to maintain cells in a quiescent state
characterised by reduced levels of both mitosis and
apoptosis.15
Effects of homozygosity on events occurring later in
development have been studied in chimaeras: mice consisting
of a patchwork of cells of different genotype, in this case
Rb-1-null and wild-type.16,17 The presence of the normal
cells allowed survival of the chimaeras beyond the stage
where entirely Rb-1-null embryos die and, indeed, to even
beyond birth. The Rb-1-null cells contributed, albeit in
some instances at reduced levels, to all adult tissues examined.
No retinoblastomas were seen in these chimaeras, while
pituitary tumours similar to those seen in heterozygotes
developed from the Rb-1-null cells, but with an earlier time
of onset consistent with the lack of requirement for somatic
allele loss.
A ROLE FOR
FORMATION?

SUNLIGHT

IN

RETINOBLASTOMA

It is interesting to consider why no retinoblastomas have
yet been detected in Rb-1 heterozygous mice. There are a
number of possible explanations for this. First, because of
their smaller size and shorter lifespan, mice may simply have
a lower probability of a somatic mutation occurring in the
retina during the susceptible period, so that only a very
small proportion of heterozygotes develop retinoblastomas.
However, as the aggregate number of heterozygous animals
examined increases without any retinoblastomas being
found, this hypothesis becomes progressively less tenable
as the sole explanation. Second, in view of their possible
derivation from photoreceptor cells discussed above, it may
be significant that the retina of the predominantly nocturnal
mouse has almost exclusively rod photoreceptors, while
humans also possess cones of three different spectral
sensitivities.18 Third, mice may differ from humans in the
level of exposure of their retinas to some environmental
agent required for retinoblastoma to develop. As laboratory
mice are maintained under conditions of artificial light and
are active principally in the hours of darkness, one candidate
for such an environmental agent is sunlight. This hypothesis
stimulated an analysis of the incidence of retinoblastoma in
human populations at different geographical locations,
which revealed that, as predicted by the hypothesis,
retinoblastoma incidence increases significantly with ambient
erythemal dose of ultraviolet B radiation (UVB) from
sunlight.19 Such an effect had not previously been detected,
perhaps because it is less severe than that reported for other
tumours such as squamous cell carcinoma of the eye.20
A consideration of this leads to a number of possible
reasons for this effect. First, it could be a consequence of
ascertainment bias, due to variations either in under- or
over-reporting of retinoblastoma, or in estimating the size
of the population from which the patients are drawn.
Second, it could be due to genetic differences between
the populations under study in the form of differences in
frequency of germline RB-1 mutations, or differences in
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frequency of alleles at other loci that influence the frequency
of somatic events leading to loss of heterozygosity at the
RB-1 locus; either of which might result, for instance, from
variations in the racial composition of populations. Third,
it could be a direct effect of exposure to UVB, other
wavelengths present in sunlight, or another environmental
variable correlated with sunlight exposure. The most obvious
hypothesis is that it is due to an effect of sunlight on somatic
events leading to RB-1 inactivation. Based on this hypothesis,
since individuals inheriting a germline RB-1 mutation almost
invariably develop bilateral retinoblastomas, one would
predict that the effect would be due largely or entirely to
unilateral tumours, which in general occur sporadically and
require two somatic events. This is indeed true (Figure 1).
This argues against the hypothesis advanced above that
the association of retinoblastoma incidence with ambient
UVB dose is due to ascertainment bias, which would be
expected to affect data on unilateral and bilateral tumours
in a similar fashion. It also argues that it is not due to
differences in RB-1 germline mutation frequency, which
would affect bilateral tumour incidence preferentially. One
cannot formally exclude the hypotheses that it is due either
to differences in allele frequencies at other loci, or to an
environmental variable correlated with sunlight exposure,
but a direct effect of sunlight provides the most ready
explanation of the data. This would be consistent with the
mutation spectrum of sporadic retinoblastoma (reviewed
in reference 21): first-hit lesions that convert normal cells
to heterozygous mutant cells include some transitions in
which one pyrimidine base, cytosine, is replaced by the
other, thymine, consistent with action of UV radiation.
However, instances in which two adjacent cytosine residues
are both converted to thymine (CC to TT), a type of change
that is more diagnostic of UV mutagenesis, have not been
reported. Second-hit lesions that inactivate the remaining
normal gene copy usually involve gross chromosomal change
and are therefore less informative. To allow this hypothesis
to be tested further it would be helpful for more centres
to report the laterality of tumours.
Notwithstanding this effect, differences in exposure to
ultraviolet radiation between mice and humans are not, on
their own, sufficient to account for the lack of
retinoblastomas in heterozygous Rb-1 mutant mice, since
controlled exposure of the mice to fluorescent light with a
daylight spectrum has not led to the development of any
retinoblastomas (J.F. Armstrong, M.H. Kaufman and M.L.
Hooper, unpublished observations). This leaves open the
possibility that it is important in combination with other
differences. The latter could include a requirement in the
mouse for an additional genetic event or events, and indeed
it has recently been reported 22 that retinoblastomas
developed in six of 14 chimaeric eyes in mice containing
cells doubly homozygous for mutant alleles of Rb-1 and
p107. This demonstrates that, in addition to Rb-1
inactivation, retinoblastoma formation in the mouse requires
mutation of p107, and probably yet a further event involving
an unidentified gene that occurred somatically in the
chimaeras. This may reflect differences in gene expression
in the target cell population between mouse and human,
although there is not at present a ready explanation for
such differences.
Nonetheless, whatever the complete explanation for
the difference in retinoblastoma incidence between mouse
and human heterozygotes, it has stimulated an analysis that
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FIGURE 1

Cumulative incidence of unilateral (squares) and bilateral (circles) retinoblastoma for children of ages 0-14 at different geographical
locations, plotted as a function of annual ambient erythemal dose of UVB. Regression lines have been fitted separately to unilateral data
- broken line, slope 0.01295 ± s.e 0.001958, significantly different from 0 (t9 = 6.614, P < 0.001) - and to bilateral data - bold
continuous line, slope 0.0003361 ± s.e 0.0008433, not significantly different from zero (t9 = 0.3986, P > 0.5). From reference 19, ©
Cancer Research Campaign 1999. Reproduced with the permission of the British Journal of Cancer and the Cancer Research Campaign.

has revealed a previously unsuspected association between
UVB exposure and the incidence of unilateral, but not
bilateral, retinoblastoma in human populations. These studies
illustrate how differences between human and mouse
phenotypes can generate testable hypotheses that lead to
an increase in knowledge about human disease.
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