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Tumour suppressor genes

Loss of these genes may cause cancer

The neoplastic change in normal cells depends on the
derangement of genetic functions controlling growth and
differentiation. Mutations within normal genes may produce
altered proteins that give cells a continuous signal to pro-
liferate-thus blocking specific steps of cell differentiation.
Such altered genes are called oncogenes. ' In addition, changes
in the degree of expression of normal genes-induced by
mutation, translocation, or insertion of virus-may lead
to the inappropriate production of a protein such that
cell maturation is prevented. For example, in Burkitt's
lymphoma the myc gene is translocated into an active
immunoglobulin locus, producing permanent expression of a
protein that may play a part in DNA replication. Such
changes seem to be "dominantly acting" as the mutation is
enough on its own to drive the cell towards malignancy. Now
we are learning about a second class of mutations in which loss
of a gene is important for malignant transformation.

Cytogenetic analysis has shown that many human tumours
exhibit a loss of genetic material at specific chromosomal loci.
These losses are specific for a given tumour type but differ
among tumours. The absence of functional genes at these loci
is required to permit tumour development; moreover, both
alleles (copies of homologous chromosomes) must be lost.
These genes have been named "tumour suppressor genes"

or "antioncogenes," and the mutations that cause cancer may
be regarded as "recessive" as both copies of the gene must be
defective to promote neoplastic development. The discovery
of the tumour suppressor genes promises insight into the
processes leading to normal differentiation and the way in
which they may be disrupted during cellular transformation.
Clinically it provides a new opportunity to assess cancer
susceptibility within families and to screen defined patients
for certain types of cancer when early intervention may be
critical. Understanding the function of these genes may also
lead to new treatments.

Genetics of cancer
That cancer may be genetically determined has long been

recognised.2 As it became clear that some types of cancer
cluster in families Knudson suggested that subjects hetero-
zygous for a recessive mutation will develop the cancer when
the mutation is made homozygous by a subsequent mutation
at the remaining intact allele.- In 1973 Comings proposed
that genes active at embryogenesis (transforming genes) are
suppressed at differentiation by dominant "suppressor"
genes.4 Within any compartment of stem cells cycling cells
will differentiate only in response to a particular signal; one
class of genes (the proto-oncogenes) may be viewed as the
genes required to keep the cells cycling, and the second class
(the tumour suppressors) may be seen as those genes that
override the proliferative signals and allow the cell to differen-
tiate. The loss of both copies of any of these suppressor genies
would allow continued expression of the proliferative genes-
permitting the first stages of malignant transformation.

These ideas are supported the finding that some of the
familial cancer syndromes are linked to inheritance of a loss of

a defined chromosomal locus at one allele. This mutation
predisposes the person to the cancer, but for the disease to
emerge a second mutation is required somatically at the
unaffected allele in the cell(s) that eventually transform. In
cancers with sporadic as well as familial forms the same

chromosomal locus is affected in some cases, but both alleles
are inactivated somatically. The differences in the patients'
ages and in the features of the cancers at presentation support
such a model.
There is a rapidly growing list of tumours that are

associated with homozygous loss of specific chromosomal loci
(table). 7 But until genetic linkage studies have been carried
out for each type we do not know which losses represent
germline alleles important in contributing a genetic pre-

disposition to the cancer.

Much laboratory research has also implied the existence of
genes capable of suppressing malignancy. For example, the
fusion of a normal cell with a malignant cell produces a hybrid
in which the tumorigenic phenotype is usually suppressed and
the differentiation programme of the normal cell may be
imposed.' Subsequent chromosomal loss from the hybrid may
lead to the reappearance of tumorigenicity. The loss of
specific chromosomal loci may be linked to the reappearance
of tumorigenicity -suggesting that tumour suppressive infor-
mation resides at these loci. These and other experiments,
whereby tumour cells may revert to the non-tumorigenic
phenotype after transfer of specific pieces of DNA,9 allow the
identification of the genes mediating cellular transformation.

Model of retinoblastoma
It was Knudson's statistical analysis of the two forms of the

childhood cancer retinoblastoma that gave rise to the notion of
"antioncogenes."- Retinoblastoma occurs in about one in
14000 live births, existing in two forms, familial and
sporadic, which differ in the extent of tumour formation and
in the age when the patient presents. In both forms a locus on
the loing arm of chromosome 13 is disrupted at both alleles.

In the familial form deletion of the locus has been observed
cytogenetically (in a few cases) on one copy of chromosome 13
in the germline. This inherited defect thus predisposes the
carrier to retinoblastoma. During development of the retinal
cell it is assumed that a mutation causes loss of the second
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Key points
* The loss of tumour suppressor genes may lead to cancer
* The normal function of the suppressor genes may be to
override proliferative signals and allow cell differentiation
* In familial cancers one copy of the suppressor gene may be
lost from the chromosome and a second by mutation
* In sporadic cancers both copies of the same suppressor
genes may be lost by mutation
* An understanding of tumour suppressor genes may lead to
new methods of screening and even treatment
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Tumours associated with homozygous loss ofspecific chromosomal loci

Principal locus
of repeatedly

observed loss of
Tumour type allele in tumour

Retinoblastoma* 1 3q
Osteosarcoma 1 3q
Ductal breast carcinoma 1 3q *Tumours for whicb the
Wilms's tumour 11 p locus shown has been
Rhabdomyosarcoma 1 lp associated with an inherited
Hepatoblastoma 1 lp predisposition. Recent
Colon carcinoma (familial polyposis)* 5q reports show that in some
Insulinoma 1 lp families the familial
Renal carcinoma 3p predisposition to Wilms's
Meningioma 22 tumour may not map to
Small cell lung carcinoma 3p lip.

Medullary thyroid carcinoma 10

copy of the retinoblastoma gene. (This event is often observ-
able as a large scale disruption such as loss of a chromosome.)
Hence the protein specified by the gene is not produced and
differentiation cannot occur. Clinically, familial retino-
blastoma presents with bilateral and multifocal tumours-
consistent with the notion that all retinal cells have inherited
the first mutation and that the second event has occurred in
several cells. Such cases usually appear between the ages of 1
and 3 years.

In sporadic retinoblastoma a single affected eye has just
a single tumour focus and the disease appears later in
childhood. In this case it is envisaged that both copies of the
locus on chromosome 13 are inherited intact but that two
separate somatic mutations occur at each allele of the retino-
blastoma gene-permitting tumour development. The need
for two independent events to occur at separate loci accounts
both for the later appearance of the tumour and for its
formation at a single focus. Retinoblastoma is rarely diag-
nosed beyond the age of 7, implying that development of
retinal cells is complete by then and that any subsequent
alterations in the retinoblastoma gene do not affect the fate of
the cell.
The retinoblastoma gene has recently been cloned in

Weinberg's laboratory.0 It seems to encode a protein that
binds other proteins in the nucleus-perhaps to form a
complex that participates in regulating cellular differentia-
tion. Intriguingly, it binds to the proteins of several DNA
tumour viruses," 12 suggesting that some oncogenic viruses
may cause cancers in part by sequestrating the products
of tumour suppressor genes, thereby blocking cell differen-
tiation.

Osteosarcoma may also be associated with the double loss of
the retinoblastoma gene as patients rescued from familial
retinablastoma have a greatly increased risk of developing
osteosarcoma. Recently, structural alterations of the retino-
blastoma gene have been shown in some cases of melanoma,
small cell lung carcinoma,'" and breast cancer.'4 These
findings and the apparently widespread expression of the gene
in many tissues suggest that tumour suppressor genes may act
pleiotropically in the differentiation programmes of several
cell types.

Theoretical or practical gains?
Loss of heterozygosity at tumour suppressor loci is clearly

important in the genesis of some rare familial cancers, but
these new findings may also be important in common cancers.
Loss of alleles at specific loci has been observed in several
common cancers-including those of the lung'5 and the
breast.'6 But it is still far from certain that loss of a single allele
at these loci in the germline will lead to an increased risk of
developing cancer. Many cytogenetic abnormalities may be

present in a malignant cell, and the affected loci may be
important in either initiation or progression of tumours.

Techniques exist whereby families with a high incidence of
a cancer may be studied to ascertain which genetic loci
cosegregate with the cancer. If identifiable genetic changes
can be associated with common cancers then such DNA
technology might find widespread use in screening for specific
cancers. The screening of members of a family with a known
predisposition to a specific cancer might highlight those at
high risk ofdeveloping the "second hit" mutation after having
already inherited the first genetic lesion. Such knowledge
would permit early detection, leading possibly to more
effective treatment. Retinoblastoma itself is readily managed
by an early operation. In addition, parents may be told the
risk to any future child of developing the cancer. Prenatal
risk assessment of such cancers would also become available,
but it is important to remember that, unlike monogenic
disorders such as the absence ofa single globin gene, a tumour
represents the summation of several genetic lesions. There-
fore inheritance by the fetus of a predisposition to a cancer
(which may be treated successfully) will raise ethically
complex issues regarding the termination of pregnancy.
Finally, identifying and cloning suppressor genes may permit
population screening programmes for some cancers.
Whether these findings will give rise to new approaches to

intervention is speculative. It may eventually prove possible
to replace a missing gene, which might be more successful
than current attempts at counteracting the action of onco-
genes.'7 But the techniques are still remote. After years of
research into oncogenes little has emerged that is relevant to
managing patients. The challenges presented by tumour
suppressors are different and may provide new opportunities
to relate the theory of the aberrant behaviour of a cancer cell to
its correction.
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