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Abstract
We have shown previously that the most common point muta­
tion in the RBI gene in retinoblastoma tumours is a C—»T 
transition and that the majority of these occur in CGA 
codons. As a result of this mutation, a TGAstop codon is gener­
ated directly. We have analysed the 14 CGAarg codons in the 
RB 1 gene for mutations in 113 patients with bilateral retino­
blastoma. At 6 of these sites, C-»T mutations in CGA codons 
alter a restriction enzyme site which makes their identification 
relatively straightforward. It was necessary, however, to ana­
lyse the other 8 CGA codons using single-strand conformation 
polymorphism (SSCP) analysis. A total of 18 C-»T mutations 
were found, which represents 16% of all patients. Of these 13 
(73%) were at two particular CGA codons in exon 8 (codon 
251) and exon 17 (codon 552). During the course of the SSCP 
analysis, mutations were identified in 7 other individuals. 
Thus, 20-25% of all mutations can be identified by a relatively 
quick survey of the CGA codons in the RB 1 gene, which has 
important implications for genetic screening programmes. All 
of the mutations in the RB 1 gene in these bilaterally affected 
patients would be predicted to result in the absence of a func­
tional protein.
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Introduction (SSCP) analysis [9, 12, 13]. In our recent 
study of Rb tumours [9], we showed that 
approximately 80% of mutations result in the 
generation of premature stop codons. Many 
of these are a result of small deletions or inser­
tions which produce frameshifts, but 30% re­
sulted from single base pair changes. At 
present, however, there does not seem to be 
any single exon more frequently involved in 
mutation than the others, which has made 
screening bilaterally affected individuals to 
identify the causative mutation a tedious and 
time-consuming task. The majority of point 
mutations in our study of tumours [9] were 
C—>T transitions occurring in CGA codons 
specifiying the arginine amino acid. As a 
result of these changes, a TGA stop codon is 
generated. Within the 928 amino acids of the 
RBI gene there are 46 arginine codons but 
only 14 of these are encoded by CGA which 
are distributed in only 10 different exons. In 
order to speed up the screening process, we 
have investigated whether the high frequency 
of CGA—>TGA changes seen in tumours is 
also found in germline mutations in individu­
als predisposed to Rb. 
lysed the 14 CGA sites from 113 bilaterally 
affected individuals, with and without a fami­
ly history, using a combination of PCR and 
SSCP analysis.

As a result of the cloning of the retinoblas­
toma (Rb) gene, it is now possible to predict 
which individuals in the population are at risk 
for tumour development. Approximately 12- 
15 % of patients with Rb already have a family 
history, where the tumour phenotype segre­
gates as an autosomal dominant trait with 
high (90%) penetrance [1], For these individ­
uals, predicting who is at risk can be achieved 
using linked RFLP markers [2, 3], a proce­
dure which can also be performed prenatally 
[4, 5]. Given the large numbers of polymor­
phic markers within the RB 1 gene, the major­
ity of families can be offered genetic counsel­
ling. It is now well established that both copies 
of the RBI gene must be inactivated for 
tumour initiation [6-10] and that predisposed 
individuals carry heterozygous mutations in 
their constitutional cells [9, 11-13]. These 
individuals will usually develop bilateral, 
multifocal tumours at an earlier age than spo­
radic cases [14]. Approximately 50% of all Rb 
patients have multifocal tumours and, there­
fore, presumably, carry predisposing muta­
tions. By identifying these constitutional mu­
tations it would be possible to offer prenatal 
screening to these patients for their first-born 
child.

To this end we ana-

With the characterisation of the genomic 
structure of RBI [15], it was shown to have 27 
individual exons which were all relatively 
small and, following sequencing of the intron 
regions flanking each of the 27 exons [16], it 
became possible to analyse the coding region 
of the gene, exon by exon, using PCR and 
DNA sequencing to identify the mutations 
predisposing to tumourigenesis. This was first 
demonstrated by Yandell et al. [10] although 
others analysed the mRNA in tumours using 
RNAase-protection techniques [7, 8]. We 
chose to prescreen individual exons using 
single-strand conformation polymorphism

Materials and Methods

Blood samples were collected in lithium heparin 
tubes and DNA prepared from isolated white cells 
using standard phenol/chloroform procedures [17], 
PCR primers for the amplification of all 27 exons of 
RBI were as described by Hogg et al. [9] and prepared 
by the ICRF central oligonucleotide facility. PCR 
amplification for SSCP analysis was as described by 
Hogg et al. [12] where a32dCTP was used to incorpo­
rate radioactivity directly into the PCR product. SSCP 
was carried out on 6 % polyacrylamide, non-denaturing 
gels containing glycerol [12], Sequencing of PCR prod­
ucts was achieved using biotinylated primers and
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Exon 1:
CCC AAA ACC CCC CGA AAA ACG GCC

Pro lys Thr Pro Arg Lys Tbr Ala
7

Exon 8: Taq

AAT GGT TCA CCT CGA ACA CCC AGG CGA GGT CAG AAC
Asn Gly Ser Pro Arg Thr Pro Arg Arg Gly Gin Asn

251 255

Exon 10:
AAT CTT TCT AAA CGA TAC GAA GAA
Asn Leu Ser Lys Arg Tyr Glu Glu

320

Exon 1T NLA3
CAG AGA ACA CCA CGA AAA AGT AAC
Gin Arg Thr Pro Arg Lys Ser Asn

358

Exon 14:

gtttgt ttg tag ÇGA TAC AAA ÇTT GGA GTT CGC TTG TAT TAC ÇGA GTA ATG 
Arg* Tyr Lys Leu G h/ Val Arg 'Leu* Tyr* ^Tyr* Arg* 'vâT* Met'

445 445

Exon 15:
GAA GAA GAA CGA TTA TCC ATT
Glu Glu Glu Arg Leu Ser

467

Exon 17: Tag 1

AAA CAT TTA GAA CGA TGT GAA CAT CGA ATC ATG GAAFig. 1. Location of the 14 
codons, by exon, in the

Lys His Leu Glu Arg Cys Glu His Arg Ile Met Glu
CGA
RBI gene. The CGA codons are 
identified by their number (below) 
and where a restriction enzyme site 
contains the CGA sequence it is 
indicated by the solid bar above the 
sequence. In exon 14 the arginine 
codon is the first in the exon and

553 557ai*

Exon 18:
Ava 2Ava 2

CAA TCA AAG GAC CGA GAA GGA CCA

Gin Ser Lys Asp Arg Glu Gly Pro
579

Exon 23: Taq 1

the intron sequences in this case 
are indicated by the lower case let­
ters. In exon 18, the CGAarg codon 
affects an /I val I site and the loca­
tion of the other Avail site not 
interrupting a CGA codon is shown 
to demonstrate its proximity (see 
text).

CCT CAC ATT CCT CGA AGC CCT TAC
Pro Hts Ile Pro Arg Ser Pro Tyr

787

Exon 27: Taq 1

TC T AC T CGA ACA CGA ATG CAA
Ser Thr Arg Thr Arg Met Gin

908 910

streptavidin-coated magnetic beads to recover single- 
stranded DNA which was then sequenced with Se- 
quenase [12], When the PCR products were subjected 
to restriction enzyme digestion, 20 pi of the PCR reac­
tion was removed and 10 U of the appropriate enzyme 
added directly. The digestion proceeded at 37 or 65 °C 
(Taq\) for 2 h before the results were analysed on a 2% 
agarose gel.

Results

There are 14 CGA codons in the RBI gene 
(fig. 1). To investigate these codons the rele­
vant coding regions were amplified from ge­
nomic DNA using PCR. Six of these codons 
occur within the DNA sequence which would
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Fig. 2. Identification of mutations in codon 251 using Taql digestion in two Rb families. 
The marker lanes contain a 1-kb ladder. In lanes 1-3 PCR products have been digested with 
Taql which produces two bands 204 and 111 bp long. Two families carrying C->T mutations 
in codon 251 are indicated in lanes 4-6 (family H) and 7-10 (family G). All of the affected 
individuals in these families carry the undigested 315-bp fragment because of the C -> T muta­
tion.

be recognised by restriction enzymes. Muta­
tions within these codons would alter the rec­
ognition site which proved to be a convenient 
and easy way of identifying them. In all, 113 
bilaterally affected patients were analysed. 
The patients were chosen because of the ex­
pectation that they would all be carriers of 
germline mutations [18] and Southern blot 
analysis using Hindili digestion had failed to 
show any structural aberrations in the RBI 
gene (data not shown). In some cases there 
was a family history of retinoblastoma. Where 
a restriction enzyme site would not be af­
fected by a mutation the exon was analysed 
using SSCP.

No mutations were found in the CGA sites 
in exons 1, 11, 14, 15 or 27. There are 2 CGA 
sites in exon 8, the first of which (codon 251) 
disrupts a Taql site which makes this a rela­
tively easy mutation to identify. Using the 
primers described previously [12] a 315-bp

fragment is amplified and, if the mutation is 
not present, enzyme digestion yields two frag­
ments, 204 and 111 bp long (fig. 2). Mutations 
were identified in 7/113 patients all of which 
were confirmed by sequencing. Four of these 
mutations occurred in individuals with a 
family history of Rb (fig. 2) and so this en­
zyme analysis was used to demonstrate that 
only affected members of the families carried 
the mutation. The second CGA (codon 255) 
in exon 8 is 13 bp downstream of the Taql site 
(fig. 1) but does not form part of a restriction 
enzyme site. A search for mutations in this 
CGA codon, therefore, required SSCP analy­
sis and only one example was found.

The CGA codon at position 320 in exon 10 
can only be identified on SSCP gels and, in 
our epxerience, produces only a very subtle 
band shift even if the gel is run for 6 h. Only 
one mutation was found at this location in 
this series (table 1).
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Table 1. Distribution of muta­
tions in CGAarg codons in 113 pa­
tients with bilateral Rb (mutations 
identified as a result of this screen, 
but not involving CGA codons, 
are also shown)

Other mutationsCodon Number TypeExon

SSCP TS8: G—»T in codon 30 
glu-»stop

7 01

8 251 7 ENZ
SSCP
SSCP

255 1
320 TS28: 14 bp deletion in 3' 

splice site
10 1

358 0 ENZ11
0 SSCP

SSCP
SSCP

14 445
455 0

TS76: 2 bp insertion in 
exon 16-»stop 
TS23: A-»G in codon 531 
AAAiys —> AGAarg

15/16 0467

SSCP553 417

557 1 ENZ
579 3 ENZ TS64:10 bp deletion-»stop 

TS72: 7 bp insertion—»stop 
TS94: G-> A 5' splice site

18

23 787 ENZ1
908 027 ENZ
910 0 SSCP

EMZ = Enzyme site.

The CGA site in exon 18 (codon 579) is 
located within an Avail site but another Avail 
site is located 10 bp upstream which does not 
involve a CGA codon. Digesting the PCR 
product with Avail produces 2 bands which 
run closely together on a 2% agarose gel and 
so it is not easy to identify mutations in this 
way. On an SSCP gel, the band shifts are sub­
tle and their detection is further complicated 
by the presence of a polymorphic site in this 
exon. It is possible, however, to detect the 
C-»T mutation on a denaturing gel where 
direct incorporation of 32P-CTP during the 
PCR reaction means that, following autoradi­
ography of the urea gel, the position of the 
mutant band can be clearly seen (fig. 3). Nor­
mally, digestion of the 220-bp product with 
Avail produces bands 115, 95 and 10 bp long, 
although the 10-bp fragment is not seen on the

A mutation in the CGA site in exon 11 (co­
don 358) creates an Malli site. For a normal 
sequence the 265-bp PCR fragment can be 
digested to fragments 210 and 55 bp long. 
However, if the C-»T mutation is present 
then three fragments are produced 110, 100 
and 55 bp long and an extra band is seen cor­
responding to the 110/100 doublet. No muta­
tions were found in this exon in this series.

Exon 17 also contains two CGA sites, one 
of which (codon 557) is incorporated into a 
Taql site. The other CGA is 12 bp upstream 
(fig. 1). Since there are two Taql sites in the 
normal PCR product, on digestion, fragments 
212, 80 and 71 bp long are generated. If the 
Taql site involving the CGAarg is destroyed, 
an extra band 151 bp (71 + 80) long is seen 
which can also be seen easily using SSCP.
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14 30 31 33 34 45 TS28: Exon 10
I intron 10

ACT G[aT TjCT ATA GAC AG gtfattigcacat 

ACT GAT

thr asp tie Aspser

ttgcacat

TS64: Exon 18
asp his leu glu ser ala cys pro ala

GAT CAC|0TTG|aA TCT GCT TGT CCT ATT 
ICTTGfr CCT ATTGAC CAC

Stop

TS72: Exon 18
gin ser lys asp arg glu glu pro thr

CAA TCA aIaG GAC CGlA GA A GGA CCA ACT GAT

4
IAGG ACC GlAGA AGG ACC AAC

TS76: Exon 163
I intron 16 

ATA TAG CA gtaagttFig. 3. DNA sequencing gel carrying the PCR prod­
ucts from exon 18 digested with Avail. DNA fragments 
not carrying the CGA^ mutation show two bands at 
115 and 95 bp. Patient 45, carrying a C—>T mutation, 
produces an extra band 105 bp long (see text).

Fig. 4. Summary of mutations not involving 
CGAarg codons in the series of 113 Rb patients. In all 
cases the normal sequence is shown above and the 
mutant sequence below. In the two deletions (TS28 
and TS64) the perfect repeats at the breakpoints are 
shown in boxes. The 7-bp insertion in TS72 is also a 
direct repeat (boxes). In TS76 and TS94 the lower case 
letters represent the intron sequences and the exon 
sequences are in capitals.

A •> stop In exon 17

TA

TS94:
intron 17 I exon 18

ttcatatag GATTCACC

!
a

4

gel. When the C—s>T mutation is present, a 
band 105 bp long is seen in heterozygotes 
lying between the two other bands (fig. 3). 
Three mutations were found in this exon at 
this site in our series as well as three muta­
tions at other sites (table 1).

The only CGA site in exon 23 is in codon 
787 which is easy to analyse, since a Taql site

is disrupted by a C—>T mutation in this 
codon. The 416-bp fragment is normally di­
gested by Taql to fragments 336 and 90 bp 
long. The 416-bp fragment is retained if the 
C-»T change is present. Only one mutation 
was found at this site.

During the course of this survey, we also 
identified several bandshifts on the SSCP gels
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which did not affect the CGA sites. A summa­
ry of all the mutations found in this series of 
experiments is shown in table 1. Consistent 
with our previous findings [9] direct repeats 
were present at the junction of the deletions 
seen in patients TS28 and TS64. In patient 
TS72, the insertion was a direct repeat of 7 
nucleotides whereas in patient TS76 the 2-bp 
insertion followed a run of AT repeats 
(fig. 4).

The majority of RBI mutations in Rb pa­
tients published so far, with a few exceptions, 
result in the generation of nonsense mutations 
which is consistent with the observation that 
tumour cells rarely contain the Rb protein. 
Until now, however, there has been no evi­
dence of a mutational hotspot within the gene. 
We have shown here that the CGAarg codons 
in exons 8 and 17 account for 10-15% of all 
mutations in hereditary cases. Clearly this has 
important implications for screening pro­
grammes since these sites should now become 
the first ones to be analysed. Where the muta­
tion affects a restriction enzyme site, the anal­
ysis becomes unequivocal and easy. Clearly, 
where the single CGA codon affects a restric­
tion enzyme site, as in exon 23, other muta­
tions in these exons will not be detected. In 
fact, we have since identified other mutations 
in exon 23 using SSCP from individuals in 
this series of 113 patients. Although disrup­
tion of an enzyme site is easy to detect, there 
was no evidence in our study that these muta­
tions were preferentially identified over those 
identified as band shifts on SSCP gels. Thus, 
although in exon 8 seven of the eight muta­
tions involved the CGA in the Taql site, the 
reverse was true for exon 17 where only 1/5 of 
the mutations destroyed the Taql site. Al­
though some of the CGA sites in RBI can be 
studied using restriction enzymes alone, it is 
preferable to perform SSCP analysis for all 
the exons since, for relatively little extra ef­
fort, other mutations not affecting these co­
dons could also be identified. This is particu­
larly true for exons 8, 17 and 27 where only 
one of the CGA sites affects a restriction 
enzyme site so SSCP must be used anyway. In 
exons 8 and 17, mutations at only one CGA 
can be identified by Taql digestion. SSCP is 
still required to identify mutations in the oth­
er one. Thus only 4 of the CGA coding exons 
can be identified.

Discussion

A number of different experimental ap­
proaches have been used to identify muta­
tions in the RBI gene with varying success. 
RNase protection proved useful in the analy­
sis of some tumour cell lines [7, 8] but, using 
this technique, mutations in constitutional 
cells were not found. It was suggested that 
mutant mRNAs are not as stable as the nor­
mal transcript and so could not be identified. 
We also found this to be the case when using 
PCR analysis of mRNA from constitutional 
cells from patients carrying known mutations 
[19]. Direct sequencing of the 27 individual 
exons of the RB 1 gene [10] successfully identi­
fied germline mutations but this is a laborious 
procedure. More recently, methods of pre­
screening the individual exons have been used 
which have allowed more extensive searches 
for mutations. The SSCP analysis has proved 
very successful in our hands [9, 12, 13] al­
though chemical mismatch procedures were 
favoured by others including the dénaturant 
gradient gel electrophoresis (DGGE) [11] and 
HOT [20] techniques. If conclusions are to be 
drawn about the efficiency of these tech­
niques, however, then all of the exons in all of 
the patients must be analysed. Whilst our 
analysis of tumours [9] followed this require­
ment, only selected exons were screened in 
other studies [11,20],
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Some mutations, however, are difficult to 
identify on SSCP gels because the resultant 
band shifts are very subtle and experience in 
reading these gels is essential. This is particu­
larly true of the CGA sites in exon 10 and 11. 
Although no mutations were found at the 
CGA sites in exons 11, 14 and 15 in this 
series, we have previously reported mutations 
which were indentified in these positions us­
ing SSCP [9, 12] and Yandell et al. [10] also 
reported mutations in CGA codons in exons 
11 and 14. This further demonstrates that 
mutations at these sites are not being missed 
using this technique. There is, however, varia­
tion in the quality of SSCP gels depending on 
local conditions in the experimental proce­
dure and in many cases where we felt that the 
banding profile obtained could not be inter­
preted the samples were rerun. Thus, whilst 
we feel confident that most mutations will be 
detected by SSCP, we cannot, as yet, exclude 
the possibility that some were missed. Cu­
riously, in the survey of 80 bilaterally affected 
individuals reported by Blanquet et al. [11], 
even though exons 11, 14 and 18 were ana­
lysed, no mutations in any of the CGA codons 
in these exons were observed. Although this 
was only a limited survey of the exons, it is 
surprising in the light of our findings and may 
point to the limited usefulness of DGGE in 
the analysis of RB 1.

An important consideration in this type of 
study is, whether, having found what appears 
to be a gene-inactivating mutation, it is worth­
while screening the remaining exons in the 
gene or more efficient to move on to other 
patients. In our previous survey of late-onset, 
unilateral unifocal tumours where homozy­
gous mutations were identified early in the 
study, we nonetheless analysed all of the re­
maining exons and in no case were any addi­
tional mutations found. We feel sure, there­
fore, that it is unnecessary to continue screen­
ing the RB gene once a logical mutation has

been found. The majority of single-base-pair 
polymorphisms have now been recorded and 
so these should not be confused with gene­
inactivating mutations although they can 
complicate the analysis of the SSCP gels, for 
example [13], Since a nonsense mutation any­
where in the gene would be predicted to result 
in the absence of a functional protein, it is not 
clear why exons 8 and 17 are most frequently 
involved or why mutations in these CGA 
codons are more frequent than in others.

Our analysis of deletions and insertions in 
this study shows that direct repeats occur at 
the breakpoints as we had noticed previously 
[9], which supports the idea that these muta­
tions arise as a result of errors during replica­
tion. In one patient, however, a missense mu­
tation was found in exon 17. We have pre­
viously suggested that missense mutations are 
associated with familial Rb where the affected 
individuals only have a ‘mild’ form of the dis­
ease such as regressed tumours or carry the 
mutation but are unaffected [21], Patients in 
these families, however, do sometimes devel­
op bilateral multifocal tumours. It is possible 
in these cases that, instead of the (‘weak’) 
mutation being duplicated through mitotic re­
combination or non-dysjunction as often hap­
pens in 70% of Rb tumours [6], the second 
mutation in the homologous normal gene is a 
nonsense mutation and in combination with 
the missense mutation produces a more se­
vere phenotype. Evidence for this mechanism 
has been provided by Dryja et al. [22] who 
were able to show that the ‘weak’ germline 
mutation in a low-penetrance family was not 
duplicated in the tumour analysed but rather 
a nonsense mutation was found in the homol­
ogous gene. This may be the case for patient 
TS23 who had bilateral, multifocal tumours. 
Alternatively, it may be that it is the position 
of the missense mutations in the RBI gene 
that is important for its effect. Thus, the mild 
(arginine to tryptophan substitution) muta­
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nous and viral proteins. Blanquet et al. [11], 
however, reported a germline missense muta­
tion in exon 4 which was the same exon as 
that described in a low-penetrance family by 
Dryja et al. [22], Clearly it is the nature of the 
mutation rather than its location which ap­
pears to be important in generating this phe­
notype. It remains to be seen what effect the 
TS23 mutation has on gene function, but the 
identification of this and other missense mu­
tations will possibly improve our understand­
ing of RBI gene action.

tion reported by Onadim et al. [21] occurred 
in exon 20 and has since been shown to have 
some, albeit weaker, properties of the wild- 
type gene [19]. In patient TS23, the missense 
mutation is in exon 17 which is part of the 
protein-binding domain of RBI [23]. Another 
missense mutation in exon 21 (a cysteine to 
phenylalanine substitution) was identifed in a 
small cell lung cancer cell line [24] which is 
also in the protein-binding domain but which, 
unlike the exon 20 mutation, abolishes the 
function of the Rb protein. Yandell et al. [10] 
also reported a serine to leucine missense mu­
tation in exon 18 from an Rb tumour from a 
patient who was affected bilaterally. All of 
these mutations fall within the region of the 
protein responsible for binding other endoge­
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