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Genotype-phenotype correlations of new
causative APC gene mutations in patients with
familial adenomatous polyposis

David J Bunyan, Janet Shea-Simonds, Anne C Reck, Derek Finnis, Diana M Eccles

Abstract
Nine new causative mutations and seven
previously characterised mutations of the
APC gene of patients with familial ad-
enomatous polyposis (FAP) were analysed
for any genotype-phenotype correlations.
The only clear genotype-phenotype cor-
relation found was between the position
of the mutation site and the presence or
absence of congenital hypertrophy of the
retinal pigment epithelium (CHRPE). A
more distal mutation site was associated
with an earlier age of onset of symptoms
and a larger number ofcolonic polyps, but
a notable amount ofintrafamilial variation
was observed.
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Familial adenomatous polyposis (FAP) is an

autosomal dominant disorder that accounts for
approximately 1% of all colorectal cancers.

Adenomatous polyps develop throughout the
colon, usually between the second and fourth
decades of life. These polyps inevitably progress
to cancer, often by the mid 30s. Upper gas-

trointestinal polyps are also seen in some affec-
ted people and the risk for death from upper

gastrointestinal malignancy is about 5%, but
this usually occurs two to three decades later
than colorectal malignancy.' Other extra-
intestinal manifestations include epidermoid
cysts, osteomas, desmoid tumours (Gardner's
syndrome), and congenital hypertrophy of the
retinal pigment epithelium (CHRPE). Colon-
oscopic screening for at risk people and a total
colectomy when polyps develop is the preferred
management.

Linkage to chromosome 5q21 was reported
in 1987 and the APC gene, DP2.5, was cloned
in 1991."2 This tumour suppressor gene con-

sists of 15 exons with a combined open reading
frame of8535 bp. Over 50% of all characterised
chain terminating mutations so far identified
are clustered in the 5' end of exon 15, but
there are only two common mutations, the 5 bp
deletion at codon 1061 (5% of all mutations)
and the 5 bp deletion at codon 1309 (10-15%
of all mutations).

In 1993, an FAP register was established in
Wessex as a two year pilot project with regional
funding. Following a systematic screen of the
APC gene of 30 unrelated people with FAP
from this register, we report nine new causative
mutations plus seven previously characterised
mutations. In order to study genotype-pheno-
type effects and any intrafamilial variation in
expression, the position of the mutation site in
the proband of each pedigree, and in any other
available affected family members, was cor-
related to three phenotypic features: CHRPE
status, age at diagnosis of polyps, and number
of polyps.

Materials and methods
PATIENTS
All patients tested were from the Wessex Polyp-
osis Register. All available patients were ex-
amined by the same ophthalmologist using
indirect ophthalmoscopy. Data concerning
polyp number and age at diagnosis were re-
trieved from hospital notes. Molecular analysis
was carried out on DNA extracted from cir-
culating peripheral blood leucocytes.

HETERODUPLEX ANALYSIS
Genomic DNA (100 ng) was amplified using
the relevant primers and conditions listed by
Groden et al.' The PCR products were heated
to 95°C for three minutes then cooled to 37°C
over a period of 30 minutes to form hetero-
duplexes before running 10 gl of sample on a
24 cm Hydrolink gel (AT Biochem). Hetero-
duplex bands were visualised by ethidium
bromide staining.

SEQUENCING OF MUTATIONS
PCR ofthe relevant region was performed using
a biotin tagged forward primer (Oswel DNA
services). A total of 100,l of the PCR product
was run on 1% NuSieve (FMC Bioproducts)
low melting point agarose gel, the PCR band
was excised from the gel, and the biotinylated
template strand for sequencing was isolated
using Dynabeads (Dynal UK). Sequencing was
carried out using a Sequenase Version 2-0 T7
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Genotype-phenotype correlations of new causative APC gene mutations in patients with familial adenomatous polyposis

The APC gene mutations in 25 people from 16 separate FAPfamilies. Where possible, the CHRPE status, age when
polyps first seen, and the number ofpolyps is given for each affected family member

Patient Mutation Effect Exon Codon CHRPE status Age polyps first seen No ofpolyps

W32 -AATA Frameshift 4* 168 -ve 31 (FS) lOOs
W13.1 CAG-TAG Stop 7 278 -ve 29 (FS) lOOs
W13.2 CAG--TAG Stop 7 278 51 (FS) lOOs
W33.1 -CT Frameshift 9* 366 45 (FS) 40+
W33.2 -CT Frameshift 9* 366 33 (FS) los
W33.3 -CT Frameshift 9* 366 43 (FS) 80
W33.4 -CT Frameshift 9* 366 -ve 43 (FS) 80+
W19 CTA- CTATA Frameshift 15A* 656 +ve 42 (FS) >1000
W26.1 TGT-'T Frameshift 15A* 661 18 100-200
W26.2 TGT-+T Frameshift 15A* 661 22 (FS) Unknown
W27 TGG--TGA Stop 15A* 699 +ve 15 (FS) > 100
W28 -A Frameshift 15B* 769 +ve 28 (FS) >1000
W29.1 TAC-TAA Stop 15C 935 +ve 53 (FS) lOOs
W29.2 TAC-TAA Stop 15C 935 29 lOOs
W29.3 TAC-TAA Stop 15C 935 21 Unknown
W21 -AAAAC Frameshift 15E 1061 + ve 37 (FS) 10Os
W38 -AAAAC Frameshift 15E 1061 +ve 25 > 250
W24 AATCAA--AA Frameshift 15E 1122 23 lOOs
W42 TTATAGTTTfA--TTA Frameshift 15F 1178 22 (FS) Unknown
W6 A--AA Frameshift 15F* 1187 +ve 26 (FS) > loot
W31 A--AA Frameshift 15F* 1193 +ve 28 >1000
W20.1 GGA-+TGA Stop 15G 1309 17 (FS) Unknownt
W20.2 GGA-+TGA Stop 15G 1309 +ve 15 (FS) 1000st
W20.3 GGA-*TGA Stop 15G 1309 15 (FS) 100st
W41 T-l'FT Frameshift 15I* 1557 16 (FS) lOOs:

(FS) Polyps discovered in the patient's colon during the first bowel screen.
* Previously uncharacterised mutation. t Patient also has Gardner's syndrome. f Patient's dead mother also had desmoid disease.

DNA Polymerase kit (United States Bio-
chemical), labelling with `S-oaCTP. Se-
quencing products were separated on a 6%
polyacrylamide/urea denaturing gel and visu-
alised by autoradiography or on a Fuji phos-
phoimager.

Results
Constitutional APC mutations were identified
using a PCR based heteroduplex analysis
method. Abnormal heteroduplex bands were
subsequently analysed by direct sequencing.
The results are listed in the table along with the
relevant clinical details. The nine new causative
mutations consist of eight frameshifts and one
stop codon, all but two of which are in the
mutation cluster region (MCR) at the 5' end of
exon 15. The other seven causative mutations
found have previously been characterised by
other groups carrying out similar studies.5`

People with mutations 5' to exon 10 all had
a negative CHRPE status and fewer than 1000
colonic polyps (although exact polyp counts
were not recorded on most patients except
where there were fewer than 100). The average
age at diagnosis of polyps in this subset of
people was 39-3 years (n=7, SD 8-3 years).
In contrast, all those with mutations 3' to
exon 9 who were examined by indirect ophthal-
moscopy had a CHRPE positive phenotype.
Each had hundreds or thousands of colonic
polyps, and the average age at diagnosis
of polyps was 25-1 years (n= 18, SD 10-2
years).

Discussion
The recent cloning of the APC gene has led to
the identification of well over 100 different
mutations worldwide in the last three years.
Thus, our discovery of nine new mutations is
not surprising. Seven of these new mutations
cluster in the 5' end of exon 15 as expected
from previous reviews of published mutations,

with two of the patients reported here (5 9% of
all unrelated patients on the Wessex Polyposis
Register) having the common 5 bp deletion at
codon 1061, a figure in agreement with the 5%
value previously quoted.910

Previous studies of genotype-phenotype cor-
relations ofAPC mutations have shown a cor-
relation between the position of the mutation
site and one or more phenotypic features. The
most commonly reported correlation is be-
tween the CHRPE status of patients and the
site of the mutation, patients with a mutation
in exons 1-9 being CHRPE negative while
mutations 3' to exon 9 are associated with a
CHRPE positive phenotype.8 11-14 All 12 of the
patients with causative mutations who were
examined in our study support this previously
reported observation. The new mutations in
exons 4 and 9 and the previously characterised
exon 7 mutation result in a CHRPE negative
phenotype while all the exon 15 mutations
result in a CHRPE positive phenotype.

Past investigations into the correlation be-
tween the mutation site and disease severity
have shown an association between the size of
the truncated protein product and the number
of colonic polyps with larger mutant proteins
leading to a more severe phenotype, although
significant interfamilial and intrafamilial vari-
ation has been reported in patients with an
identical mutation.12 1>18 An explanation for
larger mutant proteins leading to a more severe
phenotype can be found from studies of the
binding effects of truncated APC protein
molecules. A larger mutant protein is more
prone to dimerisation with a wild type protein
than a more proximally truncated APC protein.
Such dimerisation renders the wild type protein
effectively inactive, thus reducing cellular levels
of normal protein activity. "1 The data from
our patients cannot support or refute this as-
sociation owing to the small sample number
and the difficulty of obtaining precise polyp
counts retrospectively. However, the overall
picture is consistent with this observation, and
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in families where accurate clinical information
was available the expected pattern was fol-
lowed. The 2 bp deletion in exon 9 seen in
family W33 was associated with a low number
of polyps in all four affected family members,
whereas two of the exon 15 mutations (families
W28 and W31) resulted in a manifestation of
over 1000 polyps. For most families the clinical
count of "hundreds of polyps" did not allow
classification into high or low severity cat-
egories. Another problem when relating the
numbers of polyps to the mutation site is that
some patients, for example, the three affected
members of family W20, were diagnosed at an
early age and all had their colons removed.
Had resection not taken place early, the number
of polyps may have increased from hundreds to
thousands, so these figures are not necessarily
reflective ofthe severity ofthe phenotype. How-
ever, the detection of multiple polyps in these
patients at such an early age is indicative of a
more severe phenotype. Patient W6 and the
three affected members of family W20 also
suffer from the extracolonic manifestations de-
scribed in classical Gardner's syndrome, while
the dead mother of patient W41 had clinical
evidence ofdesmoid disease; thus, other clinical
factors may be of interest in genotype-pheno-
type correlations.
The third factor from our data to be related

to the mutation site is the age at which polyps
were first observed. Previously, a larger trun-
cated protein product was reported to lead to
an earlier age of onset, though quite a range
of intrafamilial and interfamilial variation has
been seen.'7 18 22-24 Such variation no doubt
stems from the way in which tumour de-
velopment is thought to occur. Although FAP
patients have a constitutional mutation on one
chromosome, the "two hit" theory describes
the need for a second mutation to occur within
the normal APC gene before a cell starts to
proliferate.925 The timing of this second muta-
tion will be subject to a wide range of external
factors, such as natural carcinogens and diet,
so variation in age of onset between people
with the same mutation must be expected. In
our studies, the age at which polyps were first
observed was significantly higher (using Stu-
dent's t test, p<0005) in patients with a muta-
tion 5' to exon 10 (39 3 years) as compared to
25-1 years for patients with an exon 15 muta-
tion. The age used in these calculations is the
age at which the polyps were first seen during
screening, but in many cases this was during
the first ever bowel screen so polyps may well
have developed many years before the ex-
amination. For these people, the age at which
polyps were first seen may be considered in-
accurate when attempting to relate these figures
to the age of onset of symptoms. It can be
counter-argued, however, that the reason these
patients were not examined until a later age
was because of the lack of symptoms, or later
diagnosis in the closest affected relative (index
case). The correlation may therefore still be
valid. Considerable intrafamilial variation was
seen, especially in families W13 and W29, so
although an early age of onset (<20 years) may
be solely associated with an exon 15 mutation

in our study, a later age of onset (such as
in patients W19, W29.1, and W21) is not
necessarily indicative of a more proximal muta-
tion site.
The lack of reliable clinical information (in

particular accurate polyp counting) hampers
this type ofstudy, as does inconsistent screening
policies among surgeons. The establishment of
regional registers for FAP will facilitate a more
uniform approach to screening and follow up,
allowing the collection of specific clinical data.
With such data, clear conclusions may be drawn
about genotype-phenotype correlations, which
in turn will help to identify potential mutation
sites. Of all the phenotypic manifestations, the
CHRPE status of a person provides the most
accurate and reliable evidence for the possible
mutation site, though a severe phenotype with
an early onset and thousands of polyps would
be highly suggestive of a mutation in exon 15.
With this in mind, the gathering of as many
clinical details as possible before screening of
the APC gene should allow a more rapid genetic
confirmation of suspected FAP in future
patients.

This work was funded by a grant from the Wessex Regional
Health Authority Development and Evaluation Committee.
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