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The retinoblastoma susceptibility (RB) gene is unique among other cloned cancer
genes because its causal role in a human cancer, retinoblastoma, was established
by classical genetic methods before its isolation. Earlier hypotheses and experi-
mental data suggested that inactivation of a gene in chromosome band 13q14
resulted in retinoblastoma formation. A gene in this region was identified as the
RB gene on the basis of mutations found specifically in retinoblastoma tumors;
however, its proposed biological activity in suppressing neoplasia has yet to be
demonstrated. The RB gene product was identified as a nuclear phosphoprotein of
110 kD associated with DNA binding activity, suggesting that the RB protein may
regulate other genes. Probes for the RB gene and gene product will be useful for
genetic diagnosis of retinoblastoma susceptibility in affected families; for direct
detection of mutant RB alleles; and, potentially, for genetic diagnosis of suscepti-
bility to osteosarcoma and other tumors tentatively linked to RB-gene dysfunction.
Continued study of the RB gene should yield further insight into mechanisms of
oncogenesis, development, and gene regulation.
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GENETICS OF RETINOBLASTOMA

It is an undisputed observation that the cancer phenotype necessarily involves
genetic alterations within tumor cells [1-3]). Some of these aiterations may occur in
somatic cells during the life of an individual; other mutations might be inherited from
a parental germline. The latter type of inheritance would explain cases of familial
cancer and inherited cancer predisposition [4,5]. The clearest example of a heritable
cancer predisposition is that afforded by retinoblastoma, a highly malignant but
readily treatable cancer of the retina that occurs in young children. Its incidence is
about 1 in 20,000 live births, and it is the most common intraocular tumor of the
pediatric age group [6].
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Two forms of retinoblastoma are distinguished on a genetic basis [7]. The
hereditary form (comprising 40% of all cases) is an autosomal dominant cancer
susceptibility trait: each offspring of a carrier parent has a 50% chance of inheriting
the trait, and 90% of carriers will develop retinoblastoma [8,9]. Multiple or bilateral
retinal tumors are indicative of, and typical for, hereditary retinoblastoma [6]. Fur-
thermore, carriers are at high risk of developing additional primary neoplasms later
in life; these second cancers are of otherwise unusual types, such as osteosarcoma or
fibrosarcoma, and are often fatal [10,11]. In contrast, patients with nonhereditary
retinoblastoma have single, unilateral retinal tamors and no increased risk of second
cancers [6]. However, about 15% of patients with unilateral retinoblastoma actually
have the hereditary form [9]. Because of its clear-cut heritability, retinoblastoma has
been a prototypic model for the study of genetic determination in cancer [5]. Other
cancers with known familial occurrence include nephroblastoma (Wilm’s tumor) [5],
neuroblastoma [5], osteosarcoma [12], renal cell carcinoma [13], melanoma [14], and
breast cancer [4].

Using a statistical analysis of clinical data as a basis, Knudson inferred that
retinoblastoma could result from as few as two “hits,” or mutational events [15].
Comings [16] hypothesized that two hits served to inactivate both alleles of a single
gene (RB) that essentially functioned to suppress retinoblastoma formation. An indi-
vidual inheriting a mutant RB allele in all somatic cells would be predisposed to
getting retinoblastoma by an additional mutation of the other RB allele in one
precursor cell (retinoblast). In sporadic cases, both RB alleles would have to be
inactivated by two independent somatic mutations in a single retinoblast. This model
could explain both the earlier onset and multiplicity of tumors in predisposed individ-
uals. However, the validity of this hypothesis remained to be demonstrated at the
molecular level.

CHROMOSOME REGION 13q14 INVOLVEMENT IN RETINOBLASTOMA

Karyotypic examination of somatic cells (fibroblasts) from patients with hered-
itary retinoblastoma disclosed a minor subset of cases containing visible deletions of
the long arm of chromosome 13 [17,18]. Similar deletions were also identified in
retinoblastoma tumor cells [19]. Studies of a large retinoblastoma pedigree showed
that normal individuals carried a balanced translocation involving 13q14, whereas
those with retinoblastoma had only one 13q14 region {20]. Band 13q14 was common
among all deletions and presumably contained a gene (RB) that determines suscepti-
bility to hereditary retinoblastoma; these deletions also removed one allele of the gene
for a polymorphic marker enzyme, esterase D [21]. Close linkage of these two loci
was confirmed by studies of retinoblastoma pedigrees {22]. Godbout et al. [23]
showed a loss of one esterase D allele in retinoblastomas from 4 out of 6 patients
heterozygous for esterase D, and Cavenee et al. [24] demonstrated specific loss of
heterozygous chromosome 13 markers in retinoblastomas, compared with somatic
cells from the same patients. These reports indicated that partial or complete loss of
one chromosome 13 was a common event during retinoblastoma genesis. In light of
Knudson’s two-hit hypothesis, loss of this chromosome was interpreted as the “second
hit” that revealed mutations of the other RB allele (“first hit”). Although the nature
of this presumed mutation was unknown, if it served to inactivate one RB allele, then
tumor formation would be associated with complete dysfunction of the RB gene.
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Benedict et al. described a case of bilateral retinoblastoma in which both RB
alleles were inferred to be absent from the tumor [25]. Recently an assumption made
in this case has been disproved [26], namely, that absence of esterase D activity
implied loss of both esterase D and RB genes. However, Dryja et al. [27] found two
retinoblastomas with small homozygous deletions detected by probe H3-8 but not by
other probes mapping to 13q14, providing the first molecular evidence for complete
absence of gene(s) in this region. These studies are consistent with the notions that
the mutant RB allele is “recessive” to its normal counterpart within a cell and that the
latter functions to prevent tumor formation in the retina. Tumorigenic activity in the
absence of gene function distinguishes this presumed “cancer suppressor gene” from
classical oncogenes, which require the presence of (altered) gene products for tumor
formation [28].

MOLECULAR CLONING OF GENES FROM CHROMOSOME REGION 1314

Since nothing was known a priori about the RB gene product, candidate genes
were to be identified solely on the basis of appropriate chromosomal location and
presumed “recessive” behavior, as described earlier; that is, an intact RB gene should
be expressed in normal retinal tissue but not in retinoblastomas. “Reverse genetic”
cloning strategies require a collection of one or more DNA probes from the region of
interest. These may consist of probes for other known genes or of anonymous DNA
probes isolated at random by a number of techniques. Before attempting to clone the
RB gene, several laboratories made major efforts to obtain probes for region 13q14.
The polymorphic marker enzyme esterase D was mapped to 13ql4 and is closely
linked to the RB gene, with no known recombinants {8]. By generating specific
antisera and partially sequencing the protein, we and others have identified esterase
D cDNA fragments [29-31]. Also available were anonymous DNA probes mapping
to 13ql4, such as H3-8, H2-42 [32], and 7D2 [33] that were isolated by random
selection from chromosome 13-specific libraries.

We first initiated bidirectional chromosome walking from the esterase D gene
to create contigs (regions of overlapping genomic clones) of progessively larger size.
At 20-kb intervals in walking regions, unique sequences were identified that were
used as probes to isolate cDNA clones from fetal retina and placenta libraries. By
alternately screening genomic and cDNA libraries, we established a contig covering
120 kilobases around the esterase D gene. Two cDNA clones, called SD-1 and SD-2,
were isolated with probes 5’ to the esterase D gene. Chromosome walking 3’ to the
esterase D gene was hampered by a 20-kb region containing highly repetitive se-
quences. A second bidirectional chromosome walk extending over 30 kb was started
from probe H3-8, which was found to be homozygously deleted in two retinoblastoma
tumors {27]. A unique DNA fragment in this region identified two overlapping cDNA
clones of 1.6 kb (RB-1) and 0.9 kb (RB-2) in human ¢cDNA libraries (Fig. 1).

IDENTIFICATION OF THE RB GENE

We expected that candidate RB genes would be expressed in fetal retinal cells
but not in retinoblastoma cells. Therefore, cDNA clones isolated above were used as
probes in RNA blotting analysis to detect mRNA transcripts in fetal retina, normal
human placenta, and cultured cells from six retinoblastomas, three neuroblastomas,
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Fig. 1. cDNA clones of the RB gene and alignment to the full-length sequence. Restriction sites are
indicated as follows: A, Acc I; B, Bgl II; D, Dde 1; E, EcoR V; H, Hind III; 1, Hpa I; N, Nco I, P,
PstI; R, EcoR1; S, Stul.

TABLE 1. mRNA Expression of Genes in Region 13q14

Probes

Cells Est? SD-1 SD-2 RB-1
Placenta + - (+) - +
Fetal retina + - —(+) +
Retinoblastoma

1 + - - +/alt

2 + - - +/alt

3 + - — -

4 + - - +/alt

5 + - - +/alt

6 + - - -
Neuroblastoma

1 + — - +

2 + - - +

3 + - - +
Medulloblastoma

1 + ND ND +

2 + ND ND +
#Abbreviations: Est, esterase D; +, detectable mRNA expression; —, no detectable expression; (+),

expression expected; ND, not done; alt, altered mRNA size.

and two medulloblastomas. Table I summarizes RNA hybridization results. Esterase
D transcripts were detected in all tumor and tissue samples (Fig. 2, bottom panel),
which is consistent with the known “constitutive” expression of esterase D [29]. All
esterase D mRNA transcripts had identical size (1.4 kb). Neither SD-1 nor SD-2
seemed promising as candidate RB genes, because transcripts hybridizing to these
clones were not detected in retina and placenta mRNA samples or in any retinoblas-
tomas (Table I).

Clone RB-1 detected a 4.7-kb mRNA transcript in fetal retina and placenta (Fig.
2). Three retinoblastomas (lanes 1, 2, 5) demonstrated abnormal mRNA transcripts
measuring approximately 4.0 kb (Fig. 2A). In two retinoblastomas (lanes 3, 6),
mRNA transcripts were not observed, and faint bands of about 3.8 and 4.5 kb were
visible in lane 4 only after prolonged exposure. Three neuroblastomas and two
medulloblastomas displayed identical transcripts of 4.7 kb, equivalent to those in
normal tissues (Fig. 2B). Alterations in gene expression therefore were found in 6
out of 6 retinoblastomas, but not in two normal tissues and two other related human
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Fig. 2. RNA blot analysis of RB gene transcripts in tumors and normal tissues. Two to five micrograms
of polyadenylated RNA prepared from retinoblastoma cell lines Y79, RB355, WERI-1, WERI-24, and
WERI-27 (lanes A1-5), short-term cultured cells from a primary retinoblastoma tumor (lane A6), fetal
retina (lane A7), neuroblastoma cell lines (lanes B1-3), a medulloblastoma cell line and a fresh tumor
(lanes B4, 5), and human placenta ((lane B6) were electrophoresed in 1% formaldehyde-agarose gels
and transferred to nitrocellulose filters with 20 X SSC. Filters were hybridized with 32P-labeled RB-1
DNA (top panel) in 50% formamide, 6 X SSC, 5 X Denhardt’s solution, 0.1 % SDS, 100 ug/mi
denatured salmon sperm DNA, 10 mM phosphate buffer (pH 7.0) at 42°C for 24 h. Washing followed
in 2 X SSC, 0.1% SDS, at RT for 20 min once and in 0.1 X SSC, 0.1% SDS, at 65°C for 30 min
twice. Filters were autoradiographed on Kodak XAR-5 film at —70°C for 3 days with an intensifying
screen. Tumors initially showing no signal were retested by overloading lanes with 10 ug of polyadeny-
lated RNA and autoradiographing for up to 10 days. After this procedure, tumor 4 demonstrated an
additional faint band of 3.8 kb (data not shown). Filters were then rehybridized with 32p_labeled EL-22
DNA, as described above, and exposed for 3 days (bottom panel). The apparent slight variation in
mobility of esterase D mRNA transcripts reflects the required overloading.

tumors of neurectodermal origin. This finding constituted the strongest evidence that
RB-1 represented part of the putative RB gene [34]. Friend et al. [35] first reported a
cDNA fragment isolated by chromosome walking from H3-8 [27]. Both Friend et al.
and Fung et al. [36] detected a gene with properties similar to those described above:
ubiquitous expression in normal tissues but absent or altered transcription in
retinoblastomas.

Partial or complete deletions of the RB gene may be detected by absent or
altered bands in genomic Southern blotting analysis. Homozygous internal deletions
have been considered strong evidence in favor of correct identification of the RB
gene. Both Friend et al. and Fung et al. reported a few cases (including one
osteosarcoma) with homozygous internal deletions of the RB gene. However, the size
and complexity of the RB gene (see below) and the relative insensitivity of Southern
blotting make accurate analysis of genomic rearragements somewhat problematic.
Caution is warranted in making inferences of deletions based solely on decreased
band intensities; detection of deletion junction fragments is more reliable. For exam-
ple, osteosarcoma OHS, which was reported to have a homozygous internal deletion
[36], in fact demonstrated both altered and normal bands and therefore heterozygous
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for its deletion (unpublished data). Conversely, despite two reports of grossly normal
DNA structure [34,36], retinoblastoma cell line Y79 has a heterozygous internal
deletion (see below). Whereas a majority of reported tumors had no apparent genomic
alterations detectable by Southern blotting with cDNA probes [34-36], DNA rear-
rangements in one or both alleles may be more frequent than currently suspected.

COMPLETE cDNA SEQUENCE AND GENOMIC ORGANIZATION OF
THE RB GENE

Additional RB ¢cDNA clones were obtained by rescreening several cDNA
libraries with RB-1 as probe (Fig. 1). Clone RB-5 (3.5-kb insert) overlapped RB-1
by restriction and sequence analysis. Another RB cDNA clone was isolated that
extended an additional 242 base pairs beyond the 5’ end of RB-1 [37]. Together these
clones defined a cDNA sequence of 4,757 nucleotides [38] with a long reading frame
open from the 5’ end. We favor as the true initiation codon the first in-frame Met
(nucleotide 139) instead of the second (nucleotide 475) for the following reasons: 1)
MW of the predicted protein translated from the first Met was closer to the actual
MW of the RB gene product in vivo (see below); 2) in vitro translation yielded full-
size product only when the first 200 nucleotides were present (unpublished data).
With the first methionine, the predicted RB protein had 928 amino acids and a
molecular weight of 110 kD. A CG-rich sequence (88%, nucleotides 166-225)
encoded an unusual stretch of amino acids (AATAAAAAAEPPAPPPPPPP, residues
10-29). We speculate that this region of DNA or protein is associated with some
special function. Other features of the predicted amino acid sequence included two
atypical potential metal-binding domains similar to those found in nucleic acid-binding
proteins [39]. However, the RB protein had no close relatives in current protein
sequence databases.

Genomic clones of the RB gene were obtained by screening genomic libraries
with cDNA probes. More than two dozen nonredundant, overlapping phage clones
assorted into three overlapping groups (contigs) according to shared restriction frag-
ments and shared exons [40]. The total span of genomic clones exceeded 150 kb. By
Southern blot analysis, the first two contigs were separated by only 1.5 kb (unpub-
lished data). Comparison with mapping by another group (T. Dryja, personal com-
munication) has shown that our other internal gap measures about 50 kb; therefore
total gene size is approximately 200 kb. Exons were initially identified as minimal-
length EcoRI and/or HindIll restriction fragments containing sequences hybridizing
to RB cDNA clones. About 50 oligonucleotides have been synthesized and located in
the exon map by hybridizing to DNA blots of genomic clones. These oligonucleotides
were used as primers to define additional exon/intron junctions by sequencing ge-
nomic clones. Based on this detailed characterization, the RB gene contains 27 exons
(Huang et al., unpublished). Additional exons were excluded from the two gap
regions, which consequently contained only intron sequences.

The 5’ untranslated portion and first methionine were found in a single exon
(exon 1) of the genomic map. The coincidence of cDNA length (4,757 bp) and mRNA
size (4.7 kb), as well as primer extension studies (unpublished), indicates that our
cDNA sequence was essentially complete and that the first exon was correctly located.
Restriction and sequence analysis demonstrated that the last exon was 1.9 kb long and
included the translation stop codon (nucleotides 2924-2926).
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THE RB GENE PRODUCT

Using the hypothetical protein sequence data from our initial report [34], we
constructed a recombinant plasmid, pATH-0.7, that expressed a TrypE-RB fusion
protein in E. coli. Rabbits were immunized with this fusion protein, and the resulting
antiserum was purified on affinity columns containing TrypE or fusion proteins. The
purified polyclonal antibody immunoprecipitated a phosphoprotein of about 110 kD
in normal cells that was specifically absent in cultured cells from five out of five
retinoblastomas. On this basis, we identified the detected protein as the RB gene
product, pp110RE (Fig. 3) [38]. This protein was located in the cell nucleus and was
associated with DNA binding activity, supporting its proposed role in regulating other
genes. The fusion protein antiserum serves as a specific probe for the RB protein.
Several other polyclonal antibodies against RB peptides have since been produced
that also precipitate pp110RB (unpublished).

MECHANISMS OF RB GENE INACTIVATION

Common mutations are clearly associated with such recessive genetic diseases
as sickle cell anemia and phenylketonuria, which are maintained by selective pressure
or have spread by a founder effect [41-44]. These kinds of mutations were not
expected in the RB gene, because most RB mutations arise de novo [9]. On the other
hand, genomic rearrangements in the LDL genes (in familial hypertriglyceridemias)
and hemoglobin genes (in thalassemias), in many cases occur at Alu repetitive
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Fig. 3. Identification of RB proteins by immunoprecipitation with rabbit anti-RB IgG. Human cells
such as neuroblastoma LAN-1 (lanes 1, 2), Alexander hepatoma (lane 3), osteosarcoma U20S (lane 4),
normal fibroblasts (lane 5), and five retinoblastomas (lanes 6-10) were labeled with 3>S-methionine and
immunoprecipitated with preimmune rabbit IgG (lane 1) or rabbit anti-RB IgG (lanes 2-10). The
immunoprecipitates were analysed by 7.5% SDS-polyacrylamide gel electrophoresis and autoradio-
graphed. The specific proteins (arrows) were not present among nonspecific background bands in lanes
6-10, despite prolonged exposure. Markers (left) show Mr in thousands.
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sequences, presumably due to unequal crossing over during meiotic or mitotic recom-
bination [45-47]. Commonly deleted regions have also been observed within the
Duchenne muscular dystrophy gene [48].

To understand mechanisms of RB gene inactivation, we have examined in detail
mutations affecting the RB gene in retinoblastoma cell line Y79 [49]. This established
cell line expressed a shortened RB mRNA transcript (Fig. 2A, lane 1), but RB DNA
appeared grossly normal {34,36]. Y79 genomic DNA was further analyzed by South-
ern blotting with a unique sequence probe in intron 1 [40). Unlike cDNA probes, this
probe detected novel restriction fragments with multiple endonucleases in Y79 DNA,
compared with normal DNA, suggesting heterozygous genomic rearrangement. A
genomic library constructed from DNA of Y79 yielded two clones, Y2.3 and Y7.3,
defining a deletion of about 50 kb that removed exons 2-6 from one RB allele.
Heterozygosity was confirmed because other Y79 clones contained these exons in
their proper positions. In addition, two other retinoblastomas that expressed shortened
RB transcripts were also found to have similar heterozygous deletions by Southern
blotting with the intron-1 probe. The same probe also detected genomic rearrange-
ments in fibroblasts from two hereditary retinoblastoma patients. Therefore, the
region around intron 1 appears to be commonly involved in rearrangements that
inactivate the RB gene. Because normal-sized RB mRNA and RB protein were absent
from Y79 cells, the other RB allele also was inactivated by different mechanisms than
the first; a mutation of the promoter is considered most plausible. Probes for detecting
these presumptive promoter mutations as well as those in other common mutational
sites may have useful clinical application.

In a complementary approach, a cDNA library was constructed with mRNA
from Y79, and clones were isolated by screening with portions of the normal RB
cDNA [37]. Sequence analysis showed that clones from the 5' portion of the transcript
lacked 470 nucleotides corresponding to the aforementioned deletion of exons 2-6.
Possible mechanisms involved in generating the RB gene deletion in Y79 were further
explored by sequencing the cloned deletion junction as well as corresponding regions
in the normal gene [37]. Sequences of the deletion endpoints demonstrated no
apparent homology to each other or to the Alu family; therefore, the deletion cannot
be explained by recombination between homologous sequences. A computer-assisted
search of several GENBANK databases was also uninformative about the nature of
the deletion endpoints. One proposed site-specific mechanism involves intrinsic or-
ganization of chromatin loops by chromosome scaffolding proteins [50]: Darras and
Franke [51] and Vanin et al. [52] have suggested a role for topoisomerase II (which
may act at points of scaffolding attachment) in generating certain gene deletions.

ONCOGENIC OR ANTIONCOGENIC ACTIVITY OF THE RB GENE

Genetic identification of the RB gene as described earlier must be further
confirmed by assays for its expected biological activity. Such assays will be similar
to, but the converse of, transfection experiments with classical oncogenes: Can the
presence of normal RB expression prevent or suppress retinoblastoma formation? Or
can the absence of expression (alone or in combination with other factors) induce
retinoblastoma? For example, retinoblastoma cells can be transfected with the normal
RB gene and tested for loss of malignant phenotype, either by morphologic changes
in culture or by tumorigenicity in nude mice. In theory, cells may fail to “revert”
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because, by the concept of multistep carcinogenesis, altering the initiating factor does
not necessarily reverse the process [2,28]. However, it was recently reported [53]
that introduction of human chromosome 11 into a Wilm’s tumor cell line resulted in
suppression of tumorigenicity in nude mice; at the same time, these cells retained a
transformed phenotype in culture (chromosome 11 carries the proposed suppressor
gene for Wilm’s tumor). Because an entire chromosome was transferred, this activity
cannot be ascribed with certainty to a single gene. An urgent question to be resolved
is whether the RB gene alone can suppress tumorigenicity of certain transformed
cells.

On the other hand, the RB gene product in normal cells can be inactivated by
one of several possible methods and the resultant cells observed for the transformed
phenotype. In yeast, specific gene conversion has been successfully achieved by
homologous recombinant integration of known genetic elements [54]: for example,
cytoskeletal genes have been disrupted for functional analysis of their products
{55,56]. This approach is referred to as gene targeting [54]. An elegant experiment
in the eukaryotic unicellular organism Dictyostelium discoideum was recently reported
in which a transfected plasmid was integrated into the myosin heavy chain gene by
homologous recombination, resulting in defective cytokinesis and multinucleation
[57]. Gene targeting in diploid cells has also been reported, but it occurs at extremely
low frequency [58]. Fibroblasts derived from retinoblastoma patients with visible
chromosome 13q14 deletions are available [30]; because these cells contain only a
single copy of the RB gene, they may be ideal target cells for this experiment.

An alternative method for specifically inactivating a gene is to block it at the
mRNA level by so-called “antisense RNA inhibition” [59]. This technique was first
carried out successfully in mouse cells with a thymidine kinase gene [60]. Double-
stranded thymidine kinase RNA was found only in the nuclei of such cells and
appeared to be unable to exit to cytoplasm. Antisense RNA has also been used to
inhibit the expression of the discoidin genes of Dictyostelium [61] and the Asp 26 and
Krupple genes of Drosophila [62,63]. Recently, the function of myosin in Dictyostel-
ium cells has been studied by inhibiting expression of the myosin heavy chain gene
with antisense RNA [64]. This approach was successful in inactivating a specific gene
in diploid cells. Inactivation of the RB gene either by gene targeting or antisense
RNA inhibition are important experiments to delineate the oncogenic potential of the
RB gene.

THE RB GENE IN OTHER CANCERS

By analogy to retinoblastoma, a class of “cancer suppressor genes” [28] has
been postulated to explain other types of inherited cancers and tumor-specific chro-
mosomal deletions [65]. Because retinoblastomas and osteosarcomas often occurred
in the same patients, the latter tumors were also examined with polymorphic markers
on chromosome 13. Five out of seven osteosarcoma tumors, from patients both with
and without retinoblastoma history, showed selective loss of heterozygous chromo-
some 13 markers; no other chromosomes showed consistent loss [66]. This finding
suggested that retinoblastoma and osteosarcoma occurred by similar genetic mecha-
nisms and, further, that both might involve the same gene, RB. Even more supris-
ingly, four out of ten breast cancer cases (of several histologic types) showed similar,
specific loss of chromosome 13 heterozygosity [67], again indirectly suggesting RB
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involvement. Alternatively, a different cancer suppressor gene on chromosome 13
might be present. Loss of heterozygosity has been found at chromosome 1lp in
Wilm’s tumor [68-70] (consistent with known deletions), tumors of the Beckwith-
Wiedemann syndrome [71], transitional cell carcinoma of the bladder [72], and,
again, breast cancer [73]. The latter finding may indicate cooperation between
different cancer suppressor genes, or genetic heterogeneity. Similarly, other suppres-
sor loci have been implicated in neuroblastoma [74], small-cell lung carcinoma [75],
renal-cell carcinoma [76], acoustic neuroma [77], and colorectal carcinomas [78,79].

The RB gene was initially identified on the basis of altered RB gene expression
in retinoblastoma tumors, compared with that of normal retina, placenta, and nonre-
tinoblastoma tumors. We have since examined many additional tumors and neoplastic

TABLE II. Summary of Cell Lines and Tumors Tested for RB Gene Mutation*

Cell line or tumor RB DNA RB mRNA ppRB!10
Retinoblastoma
Cell lines
Y79 +/del +/alt -
RB355 +/del +/alt —
WERI-1 - - -
WERI-24 +/hem — -
WERI-27 +/del +/alt -
6 + - ND
Tumors
SDRBI1 + ND ND
SDRB2 + ND ND
Cultured fibroblasts from RB patients
SDRBI1 + ND +
SDRB2 + ND +
S362 + ND +
GM1142 + ND ND
5 + ND +
6 +/alt ND ND
Osteosarcoma
Cell lines
G292 + + +/alt
TES8S5 + + +
143B + + +
SAOS2 +/del +/alt -
U208 + + +
MG63 + + +
OHS +/del +/alt -
KPD ND ND +
Tumors
1 + + ND
2 + + ND
4 + + ND
Neuroblastoma
Cell lines
LAN-1 + + +
LAN-5 + + +

(continued)
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TABLE II. Summary of Cell Lines and Tumors Tested for RB Gene Mutation* (continued)

Cell line or tumor RB DNA RB mRNA ppRB'!?
Medulloblastoma

Cell line

TE671 + + ND

Tumor

1 + + ND
Synovial sarcoma

Cell line

GHM + + -

Tumor

1 +/alt +/alt ND
Unclassified sarcoma

Cell line

MHM + + +
Glioblastoma

Cell lines

1 +/alt ND ND

2 + ND ND

3 + ND ND

4 + ND ND

5 + ND ND
Mammary tumors

Cell lines

1 MDA-MB436 +/alt +/alt -

2 MDA-MB438 +/del - -

3 MDA-MB-134 VI ND ND +

4 MDA-MB-157 ND ND +

5 MDA-MB-361 ND ND +

6 MDA-MB-175-VII ND ND +

7 BT-483 ND ND +

8 MCF-7 ND ND +

9 MDA-MB-435S ND ND +

*Genomic DNA and mRNA were analyzed by Southern blotting analysis with cDNA probes; certain
cases (e.g., retinoblastoma Y79) were further characterized as described in the text. In all samples with
total absence of hybridization, the adequacy of sample loading was confirmed by rehybridizing with
esterase D ¢cDNA as probe. The presence or absence of protein was determined by immunoprecipitation
with an antibody against the RB fusion protein. Loaded protein was biochemically quantified.
Abbreviations: +, normal; —, absent; +/alt, altered size of mRNA or rearrangement of DNA; +/del,
DNA deletion; +/hem, hemizygous by gene dosage; ND, not determined.

cell lines and have found several nonretinoblastoma tumors or cell lines with either
DNA rearrangements or altered RB mRNA. These results are collected in Table II.
For example, of six osteosarcoma celi lines tested, two contained DNA deletions and
expressed shortened mRNA transcripts of the RB gene (Table II). DNA and mRNA
from four fresh-frozen osteosarcoma tumors appeared normal on analysis with cDNA
probes; however, one fresh synovial sarcoma tumor demonstrated a lengthened
mRNA in addition to one of normal size [80]. Partial DNA deletions and absent or
altered mRNA have also been found in two breast cancer cell lines [84]. These
preliminary results suggest a role for RB gene mutation in the genesis of cancers
other than retinoblastoma. However, for each tumor type, mutations have been
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detected in only a relatively small fraction of cases. There are two possible explana-
tions: 1) there is genetic heterogeneity among these tumors, so that only a fraction of
each tumor type involves the RB gene, and/or 2) we are not detecting most mutations
with our cDNA probes. A combination of these two explanations may be closest to
the truth.

POTENTIAL FOR CLINICAL APPLICATIONS

Restriction fragment length polymorphisms in or near the RB gene were antici-
pated to be very useful for genetic counseling in families segregating for mutant RB
alleles. For example, we have found an RFLP for endonuclease BamHI in intron 1
that was heterozygous in about 50% of individuals [40]. In a study by Wiggs et al.
[81], at least one in five RFLPs within the RB gene was heterozygous and informative
in 19 out of 20 retinoblastoma kindreds. RFLPs cosegregated with retinoblastoma
susceptibility in all but one family, the latter having a critical proband with an
uncertain clinical diagnosis. Despite this, the calculated LOD score was highly
significant. Because the esterase D gene is closely linked to RB (no known recombi-
nants), a polymorphic Apal site in esterase D is also of predictive value [31,82].
These probes can be used in a panel of RFLPs for genetic diagnosis in retinoblastoma
and Wilson’s disease [83] families.

Direct detection of RB gene mutations would have great clinical utility for the
following reasons: 1) sporadic unilateral hereditary and nonhereditary cases could be
distinguished by examining patients’ fibroblasts, allowing accurate assessment of risk
for second primary cancers and for transmission to offspring, and 2) genetic diagnosis
would be possible without informative RFLPs or without examining other family
members. As we described earlier, the intron-1 probe may be useful for this purpose,
depending on what fraction of mutant RB genes have rearrangements in this region.
Other common sites of mutation in the RB gene might be identified, and probes could
be designed specifically for their detection. It is possible that the RB gene promoter
may be one such common site.

Antibodies to the RB protein may have diagnostic and/or prognostic application
in clinical medicine. For example, mutations in the RB gene could be inferred by
absence of immunoperoxidase staining of tumor sections, with nonneoplastic stroma
providing an internal positive control. RB antibodies might be used to resolve
ambiguities in tissue diagnosis of bone or soft-tissue neoplasms; perhaps breast
cancers could be usefully subclassified on the basis of RB gene involvement.

Finally, if inactivation of the RB gene is the primary cause of retinoblastoma
and other cancers, then restoration of normal RB gene activity by gene transfer is a
novel approach for future cancer therapy.

CONCLUSIONS AND PERSPECTIVE

Isolation of the RB gene is an important milestone in cancer research. It is the
first cloned human gene conferring a heritable predisposition to cancer; it is also the
first cloned “cancer suppressor’” gene. Probes for the RB gene and gene product will
be useful for genetic diagnosis of retinoblastoma susceptibility in affected families;
for direct detection of mutant RB alleles; and, potentially, for genetic diagnosis of
susceptility to osteosarcoma and other tumors tentatively linked to RB gene dysfunc-
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tion. Continued study of the RB gene should yield further insight into mechanisms of
oncogenesis, development, and gene regulation.
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