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Studies of adenomatous polyposis coli (APC) muta-
tions in familial adenomatous polyposis (FAP) have
focused on large bowel disease. It has been found
that: 1) germline APC mutations around codon 1300
are associated with severe colorectal polyposis; 2)
somatic APC mutations in colorectal tumors tend to
cluster approximately between codons 1250 and
1450; and 3) patients with germline mutations close
to codon 1300 tend to acquire somatic mutations (sec-
ond hits) in their colorectal polyps by allelic loss,
whereas the tumors of other FAP patients have trun-
cating second hits. Using new and published data, we
have investigated how germline and somatic APC mu-
tations influence the pathogenesis of upper gastroin-
testinal polyps in FAP. We have compared the results
with those from colorectal disease. We found that
somatic mutations in upper gastrointestinal polyps
cluster approximately between codons 1400 and
1580. Patients with germline APC mutations after
codon 1400 tend to show allelic loss in their upper
gastrointestinal polyps; the tumors of other patients
have truncating somatic mutations after codon 1400.
Finally, patients with germline mutations after codon
1400 tend to have more severe duodenal polyposis
(odds ratio, 5.72; 95% confidence interval, 1.13 to
28.89; P � 0.035). Thus, in both upper gastrointesti-
nal and colorectal tumors, a specific region of the
APC gene is associated with severe disease, clustering
of somatic mutations, and loss of the wild-type allele.

However, the region concerned is different in upper
gastrointestinal and colorectal disease. The data sug-
gest that loss of all APC SAMP repeats is probably
necessary for duodenal and gastric tumorigenesis in
FAP, as it is in colonic tumors. Compared with colonic
tumors, however, retention of a greater number of
�-catenin binding/degradation repeats is optimal for
tumorigenesis in upper gastrointestinal FAP. (Am J
Pathol 2002, 160:2055–2061)

Most Mendelian cancer syndromes predispose to tumors
of more than one anatomical site. Familial adenomatous
polyposis (FAP) is no exception. Although the predomi-
nant features of FAP are profuse colonic polyposis and
colorectal carcinoma, most patients also develop adeno-
mas of the duodenum1 and many develop neoplastic
gastric lesions (fundic polyps or adenomas).2 With the
development of more effective prophylactic surgery for
colonic disease, upper gastrointestinal polyposis, espe-
cially duodenal disease, has become a major cause of
mortality for FAP patients. The severity of duodenal dis-
ease varies from no polyps at all to multiple lesions and
carcinoma, and is often measured by the semiquantita-
tive Spigelman score.3 Duodenal polyposis varies in its
severity both within and among families.

FAP results from germline adenomatous polyposis coli
(APC) mutations (Figure 1). Clinical data show that FAP
patients with germline mutations at codon 1309 have
exceptionally severe colonic polyposis.4 It is also well
established that somatic APC mutations in colonic FAP
polyps occur nonrandomly, usually being found in the
colorectal mutation cluster region (MCR) (approximately
codons 1250 to 1450).5 It is also notable that in FAP
patients, the site of the germline mutation determines the
type of somatic mutation (second hit) in colorectal pol-
yps:6 germline mutations close to codon 1300 are asso-
ciated with allelic loss and germline mutations elsewhere
are associated with truncating somatic mutations in the
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MCR. Together with corroborative evidence from studies
on sporadic colorectal tumors, these data show that sim-
ple inactivation of APC function is not optimally selected.
Rather, mutations that truncate the protein close to codon
1300 provide the strongest selective advantage to the
cell in which they occur.6 Such mutations result in stable,
truncated APC proteins7 in which all of the SAMP re-
peats—involved in axin/conductin binding and �-catenin
degradation—are lost and only 1 of the 20-amino acid
�-catenin-binding/degradation repeats is retained.8

It is not known whether or not upper gastrointestinal
disease in FAP shows a dependence on APC mutation
which is similar to that found for colorectal disease. The
existence of an association between germline APC ge-
notype and the severity of upper gastrointestinal polyp-
osis is controversial,9,10 and no large study has been
performed. Recently, Bjork and colleagues11 studied 40
patients with known germline APC mutations and found
that patients with Spigelman stage IV duodenal disease
or carcinoma tended to have germline mutations after
codon 1051. A small number of previous studies has
analyzed the spectrum of intragenic somatic mutations in
upper gastrointestinal polyps from FAP patients. A single
study of 64 duodenal and 11 gastric FAP polyps found
high somatic mutation frequencies at codons 1450, 1462
to 1465, and 1554 to 1556, which the authors concluded
to be similar to colorectal tumors.12 In a more recent
study, however, codon 1554 to 1556 was suggested as a
mutational hot-spot for gastric polyps.2 No study has
examined whether or not the site or type of the somatic
APC mutation in upper gastrointestinal polyps depends
on the patient’s germline mutation.

We have screened 49 duodenal polyps from 26 FAP
patients for somatic mutations and allelic loss. We have
determined whether or not the type of somatic mutation in
upper gastrointestinal polyps depends on the site of the
germline APC mutation. We have combined our data with

those from previous studies to test whether or not there
exists a somatic MCR for upper gastrointestinal tumors in
FAP. Finally, we have extended our study to a much
larger sample set to test the hypothesis that germline
mutations within the putative upper gastrointestinal MCR
are associated with more severe disease.

Materials and Methods

Forty-nine fresh-frozen duodenal polyps from 26 patients
with classical colonic FAP were collected from St. Marks
Hospital (median diameter, 3 mm; range, 1 to 6 mm). In
tandem with a similar study on early colonic adenomas,6

hematoxylin and eosin-stained frozen sections of each
polyp were reviewed to confirm basic histological fea-
tures of adenomas—almost all were mildly dysplastic—
and a minimum of �50% neoplastic cells in each lesion,
as far as morphological assessment allowed. All polyps
that did not meet these criteria were excluded from the
analysis. Paired constitutional DNA was derived from
blood or normal colonic tissue. Extraction of DNA from
the tumor and normal tissue was performed using the
Qiagen (Hilden, Germany) Tissue Extraction Kit and from
blood using standard methods.

For assessing allelic loss at APC, polymorphic micro-
satellite markers close to the APC gene (D5S346 and
D5S656) were chosen from public databases (for exam-
ple, http://genome.ucsc.edu). The polymerase chain re-
action (PCR) typically contained 20 to 100 ng DNA, 50
mmol/L KCl, 0.5 to 2.5 mmol/L MgCl2, 10 mmol/L Tris-
HCl, 0.1% Triton, 2.5 �g of bovine serum albumin, 0.2
mmol/L of each dNTPs, 10 pmol of each oligonucleotide,
and 1.25 U Taq DNA polymerase (Promega). The PCR
reaction consisted of an initial step of 94°C for 4 minutes,
then 40 cycles of 1 minute at 94°C, 1 minute at the
appropriate annealing temperature, and 1 minute at 72°C

Figure 1. The APC protein, showing major identified domains and their position by amino acid.
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in a PTC-225 Peltier thermal cycler (MJ Research). Mic-
rosatellites were analyzed for allelic loss using the Geno-
typer program (ABI). Allelic loss at each marker locus
was considered to be present if the area under one allelic
peak in the tumor was less than 0.5� or greater than 2�
that of the other allele, after correcting for the relative
allelic areas using the constitutional DNA.

Owing to relatively small amounts of DNA available
from each polyp, APC mutation screening was restricted
to regions F, G, H, I, and J of exon 15 (approximately
codons 1147 to 1693). Each of these regions was ampli-
fied in the PCR using previously published primers13 (or
slight modification thereof, details available from au-
thors). Samples were screened for mutations by capillary
based fluorescence-single stranded conformational poly-
morphism analysis (F-SSCP) using the ABI 3100 system.
Briefly, fluorescently labeled oligonucleotides were used
to generate labeled PCR products of which 1 to 2 �l were
combined with 1 �l of size standard, 10.5 �l of deionized
formamide, and 0.5 �l of 0.3 N sodium hydroxide. Sam-
ples were denatured and analyzed on 2% Genescan
polymer with 10% glycerol at 18°C, 22°C, 26°C, 30°C,
and 35°C. Data were analyzed using ABI Genescan and
Genotyper software. Direct sequencing in forward and
reverse orientations was performed on a new PCR prod-
uct from those samples that showed a mobility shift or
extra banding on F-SSCP, alongside a normal control.

For assessment of germline genotype-phenotype as-
sociations in duodenal FAP, data were collected from a
series of patients with classical colonic disease, from age
25, who were undergoing routine upper gastrointestinal
surveillance at St. Mark’s Hospital. Patients were exam-
ined with a side-viewing endoscope between April 1989
and March 2000. Duodenal severity was retrospectively
assessed from the most recent endoscopy and histology
reports and scored by Spigelman stage. We examined
the relationship between carefully assessed esphago-
gastro-duodenoscopy findings, patient demographic
characteristics (age at endoscopy, sex), and site of the
germline APC mutation. A group of 245 patients with
classical colonic FAP, of whom 129 had known germline
APC mutations, was analyzed; patients without identified
mutations were included in the analysis because they
provided useful information, for example as regards the
age dependence of disease severity. Statistical compu-
tations were performed using STATA (Version 7.0; Stata
Corporation, College Station, TX). We performed logistic
regression analysis to examine the relationship between
duodenal FAP severity (the response variable) and the
explanatory variables age, sex, and APC mutation posi-
tion. Age was computed as an integer, days of life. APC
mutations were grouped by functional protein domain
(pre-armadillo region, codons 168 to 453, n � 32; arma-
dillo repeat region, codons 454 to 1019, n � 15; �-cate-
nin-binding region, codons 1020 to 1168, n � 27; post-
�-catenin binding, codons 1169 to 1250, n � 13;
colorectal MCR, codons 1250 to 1400, n � 32; postcolo-
rectal MCR, codons 1400 to 1580, n � 10) and then
coded as binary dummy variables for computational
analysis.

Results

Somatic mutations, including allelic loss, were detected
in 9 of the 49 adenomatous duodenal polyps studied
(Table 1). Notably, all six truncating mutations were distal
to codon 1390 and all but one were distal to codon 1400
(Figure 2). Additionally, three polyps from one patient
showed allelic loss at APC; in each case, the germline
wild-type allele was lost (Figure 2). Subject to the limita-
tions of this sample size, no significant associations were
found between the site or type of the germline or somatic
mutation and either polyp size or morphology (details not
shown). Our data (Table 1) did, however, suggest that
patients with germline mutations later in the APC gene
tended to show allelic loss in their duodenal polyps,
whereas other patients’ tumors harbored truncating mu-
tations. This association was formally significant (Fisher’s
exact test, P � 0.012), using a cutoff point for the germ-
line mutation of codon 1400 (corresponding to the end of
the second �-catenin binding/degradation repeat in
APC) and assuming that allelic losses in different tumors
from the same patient were independent events.

We then tested our finding of a first hit-second hit
association in upper gastrointestinal FAP by analyzing
previously published data on APC mutations.14 Although
nearly 80 truncating somatic mutations have been de-
tected in upper gastrointestinal polyps in FAP, the germ-
line APC mutation has only been reported in a few of
these cases. Moreover, many studies have not analyzed
tumors for both truncating mutations and allelic loss. The
studies that have reported both germline mutations and
second hits in upper gastrointestinal FAP polyps (total of
29 tumors) are summarized in Table 1;2,15–17 for the
purposes of this analysis, we combined data from duo-
denal (including peri-ampullary) adenomas, gastric ade-
nomas, and gastric fundic polyps. Confirming our own
data, there was a highly significant tendency for tumors
from patients with germline mutations after codon 1400 to
show allelic loss (Fisher’s exact test, P � 0.00004). The
tumors of other patients tended to harbor truncating mu-
tations after codon 1400.

Using the analogy of colorectal polyposis, we then
tested the hypothesis that somatic APC mutations in up-
per gastrointestinal FAP tended to cluster after codon
1400. Inspection of the location of somatic APC mutations
reported in duodenal and gastric polyps14 showed clear
clustering between codons 1400 and 1580 (Figure 3,
Table 2); 74% of mutations occurred in this region, which
we term the “upper gastrointestinal MCR.” There was a
highly significant difference between the distributions of
mutations in tumors from the upper and lower gastroin-
testinal tracts (Table 2, Figure 3). This difference was also
seen when gastric and duodenal tumors were compared
separately with the colorectal tumors (Table 2). There
was no significant difference between the location of
mutations in gastric and duodenal tumors (Fisher’s exact
test, P � 0.07).

Extending the analogy with colorectal tumors in FAP,6

our results suggested that germline APC mutations distal
to approximately codon 1400 might be associated with
more severe upper gastrointestinal polyposis; such pa-
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tients comprise fewer than 10% of all FAP cases (al-
though they may be overrepresented in molecular stud-
ies of upper gastrointestinal tumors, possibly because
they do have more severe disease). We therefore ana-
lyzed 245 FAP patients (119 male and 126 female, 129
with known germline mutations) who had been screened
routinely for duodenal polyposis. Mean age at most re-
cent endoscopy was 42.0 years (median, 40.2; inter-
quartile range (IQR), 32.7 to 51.3 years). One hundred
and ten patients had mild disease (Spigelman score 0, I,
II), and 135 had severe disease (score III, IV, carcino-
ma).18 A statistically significant association was ob-
served between disease severity and age, with a mild
tendency for disease to be more severe [odds ratio
(OR), � 1.033; P � 0.007] in older patients (Table 3). As
predicted by our analysis of somatic mutations, mutations
within the postcolorectal MCR (after codon 1400) were
indeed associated with the greatest risk of severe dis-

ease (OR � 5.72, P � 0.035), after correction for age and
sex. Additionally, however, raised risk was also observed
for patients carrying mutations within the pre-armadillo
region (OR � 2.55, P � 0.034) and �-catenin-binding
region (OR � 3.27, P � 0.014), with reduced risk for
germline mutations within the post-�-catenin-binding re-
gion (OR � 0.190, P � 0.039).

Discussion

We have shown that there is a somatic APC MCR for
upper gastrointestinal tumors that is located approxi-
mately between codons 1400 and 1580 (Table 1). The
type of somatic mutation in upper gastrointestinal polyps
depends on the site of the germline APC mutation, with
germline mutations after codon 1400 associated with allelic
loss in tumors. As a counterpoint to these findings, germline

Table 1. Upper Gastrointestinal Tumours from FAP Patients with Identified Germline Mutation and Somatic Mutation [Truncating
Change or Allelic Loss (LOH)]

Tumor Patient Germline mutation Somatic mutation

This study 1 FSE 1392 Q1447X
2 FON 1309 1554 (4698–4699insA)
3 OET 1154 S1392X
4 FTS 1061 R1450X
5 VCR 1061 1554 (4698–4699insA)
6 SET 1194 R1450X
7 JWI 1464 LOH
8 JWI 1464 LOH
9 JWI 1464 LOH

Andersen et al17 1 1339 1513
2 739 1556
3 1465 LOH
4 1465 1350
5 1157 1358

Gallinger et al16 1 1309 1465
2 1309 1464

Bapat et al15 1 1309 1465
2 1309 1464

Abraham et al2 1 1055 1554
2 1309 1554
3 1309 1554
4 1309 1554
5 1055 1554
6 1055 1554
7 1546 LOH
8 1546 LOH
9 1546 LOH

10 1059 1554
11 1030 LOH

Germline �1400 Germline �1400 Total

LOH 1 7 8
No LOH 20 1 21
Total 21 8 29

Top: Summary of data from this study and previously published data. Abraham et al2 analyzed gastric fundus polyps. All other studies analyzed
duodenal polyps. Only polyps with an identified second hit are used for this analysis so that potential methodological problems, for example from
contaminating nonneoplastic tissue, are minimized. Germline mutation position and the site of somatic mutation are shown. For this study only, the
precise nature of the somatic mutation is shown; specific types of other mutations can be found in the references cited, although all are truncating.

Bottom: The association between allelic loss and germline mutation after codon 1400 is highly significant (P � 5 � 10�5). The association remains
significant if the somatic LOH events or truncating mutations are assumed not to be independent and the analysis is performed by patient rather than
by tumour (Fisher’s exact test, P � 0.016).
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mutations after codon 1400 are associated with more se-
vere duodenal polyposis. Mutations in other regions of the
APC gene may also be associated with different severities
of upper gastrointestinal disease. Knowledge of the position
of the germline APC mutation may benefit the clinical man-
agement of duodenal and gastric FAP. For example, the
interval of screening could be influenced by the mutation
position, with more frequent screening being offered to
certain patients, particularly those with germline APC muta-
tions distal to codon 1400.

Analysis and interpretation of these data are inevitably
subject to certain caveats. First, we have found an ap-
parently low frequency of somatic APC mutations. Our

data are, however, consistent with previous studies.16,17

The low mutation detection rate probably results in part
from studying small lesions, which may have contained
less neoplastic material than estimated by morphology
(for example, sections taken may have been unrepresen-
tative of the neoplastic content of the polyp as a whole, or
normal crypts may have been entrapped within adeno-
mas19) and from screening only part of the APC gene for
mutations. However, F-SSCP is generally recognized to
be highly sensitive and we detected all previously iden-
tified germline mutations and known common polymor-
phisms in the regions we analyzed. We cannot, therefore,
entirely exclude the possibility that early FAP tumors may
start to grow without a second hit.20

Second, many studies have been unable to analyze
the whole of the APC gene for genetic changes and/or
have focused on specific regions of the gene, with many
studies of colorectal tumors failing to analyze mutations
3� of codon 1500. Moreover, different methods of muta-
tion detection have been used for different regions of the
gene (for example, protein truncation test for exon 15 and
SSCP or denaturing gradient gel electrophoresis for other
exons). Perhaps the best standardized comparison of
colorectal and upper gastrointestinal tumors is provided
by the data of Toyooka and colleagues12 and Miyaki and
colleagues21 who screened for mutations in exons 5 to 9
and 13 to 15I in upper gastrointestinal tumors and, as far
as can be ascertained, analyzed the same region by the
same methods in colorectal tumors. These authors’ data
show 73 somatic mutations in colorectal tumors before
codon 1400, compared with 107 mutations after this

Figure 2. APC mutations. A: 4698-4699insA at codon 1554 (arrows) from
duodenal polyp from patient VCR. Note that the frame-shifted sequence is
reduced in intensity compared with the wild-type sequence because this
polyp contained �50% neoplastic tissue and hence mutant allele dosage is
only �25% of the total. B: Loss of wild-type allele at D5S656 in three
duodenal polyps from patient JWI with a germline mutation at codon 1464.

Figure 3. Comparison between frequencies of truncating somatic mutations
within different regions of the APC gene in colorectal (filled bars) and
upper gastrointestinal tumors (open bars) from FAP patients and sporadic
cases.

Table 2. Difference Between Location of Truncating Somatic
APC Mutations in Colorectal and Upper
Gastrointestinal Polyps from FAP Patients and
Sporadic Cases

Colorectal Gastric Duodenal

Codons 1-1200 89 11 2
Codons 1201-1399 230 3 4
Codons 1400-1580 232 33 23

Colorectal versus all upper gastrointestinal: �2
2 � 33.2, P � 0.0001.

Colorectal versus gastric: �2
2 � 23.0, P � 0.0001.

Colorectal versus duodenal: �2
2 � 14.7, P � 0.001 (Yates’

correction).
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codon; for upper gastrointestinal tumors, the numbers
are zero and 47 mutations, respectively, a highly signifi-
cant difference from the colorectal lesions (Fisher’s exact
test, P � 7 � 10�10).

Third, we have combined data from duodenal and
gastric tumors when analyzing first hit-second hit asso-
ciations using previously published data. The very similar
distributions of somatic mutations in gastric and duode-
nal tumors (Table 2) support the use of this approach.
Furthermore, we have combined data from gastric fundic
polyps and gastric adenomas in our analyses, based on
evidence that both these lesions harbor second hits at
APC.2 Fourth, our use of codon 1400 as a proximal
boundary for the MCR and for association with allelic loss
is heuristic and inevitably an approximation, although it
does correspond to a functional domain of APC. We have
also made the plausible assumption that the distal
boundary for somatic mutations APC is at approximately
codon 1580, before the APC SAMP repeats, although
some families with germline mutations distal to this site
have developed severe duodenal disease.9 Fifth, the site
of the germline mutation evidently only explains part of
the variation in the severity of duodenal FAP; modifying
genes, environment, and chance may also have effects.

Despite these reasons for caution, our data from upper
gastrointestinal FAP tumors consistently show that the
same region of the APC gene (approximately codons
1400 to 1580) forms the somatic MCR, harbors mutations
associated with allelic loss, and contains germline muta-
tions associated with severe disease. Although this re-
gion seems to be similar in upper gastrointestinal FAP
tumors and desmoids,6 the corresponding region in colo-
rectal tumors lies in the 5� direction, around codon
1300.4–6 We suspect that the reason for the different
regions in colorectal and upper gastrointestinal tumors
may lie in the effects of the resulting truncated proteins on
�-catenin levels within the cell.22,23 Tumorigenesis may
benefit most from a level of �-catenin that is raised above
normal, yet is not excessive.22 It is likely that a truncated
APC species with an extra �-catenin-binding/degrada-
tion repeat, as would typify mutant APC in upper gastro-
intestinal polyps and desmoids relative to colorectal tu-
mors, would result in a lower level of �-catenin in the cell.
Thus, the progenitor cells of in upper gastrointestinal
polyps and desmoids would require a lower, specific
level of �-catenin for them to produce a tumor. Other
explanations for the differing MCRs include effects on

stability of the truncated protein,7 although explanations
in terms of hypermutability of certain regions of APC24

seem less likely.
Associations between first and second hits seem,

therefore, to be a general feature of the APC tumor sup-
pressor gene. It is likely that this phenomenon results
because different selective advantages are associated
with different APC genotypes. Tumors with the optimal
genotypes grow more rapidly and are more likely to come
to clinical attention than tumors with suboptimal geno-
types. As we have hypothesized for colorectal disease,
one of the reasons for the greater severity of upper gas-
trointestinal disease in patients with mutations after
codon 1400 may be that susceptible cells from these
individuals can readily acquire a strongly selected geno-
type by allelic loss, which occurs, by chance, more fre-
quently than specific truncating mutations after codon
1400.22 A particularly interesting aspect of investigating
these phenomena and their causes will be to determine
why tumors arising from different tissues show different
patterns of APC mutation. The answer to this question
may help to explain what is perhaps the great conundrum
of tumorigenesis, namely why genes with widespread
expression are only associated with tumors of specific
sites.
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