
Analysis of Rare APC Variants at the mRNA Level

Six Pathogenic Mutations and Literature Review

Astrid Kaufmann,* Stefanie Vogt,*
Siegfried Uhlhaas,* Dietlinde Stienen,*
Ingo Kurth,† Horst Hameister,‡

Elisabeth Mangold,* Judith Kötting,§

Elke Kaminsky,¶ Peter Propping,* Waltraut Friedl,*
and Stefan Aretz*
From the Institute of Human Genetics,* University Hospital of

Bonn, Bonn; the Institute of Human Genetics,† University

Hospital of Hamburg-Eppendorf, Hamburg; the Institute of

Human Genetics,‡ University Hospital of Ulm, Ulm; the

Department of Human Genetics,§ Ruhr-University Bochum,

Bochum; and the Praxis für Humangenetik,¶

Hamburg, Germany

In monogenic disorders, the functional evaluation of
rare, unclassified variants helps to assess their patho-
genic relevance and can improve differential diagnosis
and predictive testing. We characterized six rare APC
variants in patients with familial adenomatous polypo-
sis at the mRNA level. APC variants c.531 � 5G>C and
c.532-8G>A in intron 4, c.1409-2_1409delAGG in intron
10, c.1548G>A in exon 11, and a large duplication
of exons 10 and 11 result in a premature stop codon
attributable to aberrant transcripts whereas the variant
c.1742A>G leads to the in-frame deletion of exon 13 and
results in the removal of a functional motif. Mutation
c.1548G>A was detected in the index patient but not
in his affected father, suggesting mutational mosa-
icism. A literature review shows that most of the rare
APC variants detected by routine diagnostics and fur-
ther analyzed at the transcript level were evaluated as
pathogenic. The majority of rare APC variants, partic-
ularly those located close to exon-intron boundaries,
could be classified as pathogenic because of aberrant
splicing. Our study shows that the characterization of
rare variants at the mRNA level is crucial for the
evaluation of pathogenicity and underlying muta-
tional mechanisms, and could lead to better treat-
ment modalities. (J Mol Diagn 2009, 11:131–139; DOI:
10.2353/jmoldx.2009.080129)

Determining the pathogenicity of a germline mutation in
an inherited disease is crucial for diagnostics and coun-
seling and is particularly relevant for predictive testing in
persons at risk. Generally, nonsense and frameshift mu-

tations, large exonic deletions, and mutations in the con-
served splice sequences in a gene are considered as
pathogenic. In contrast, the pathological significance of
rare variants predicted to result in amino acid substitu-
tions (missense mutations), small in-frame deletions, or
even same-sense mutations (silent variants) is often un-
clear. Similarly, the functional effect of DNA variants at
less conserved positions in introns is difficult to predict.
As a consequence, a growing number of single bp sub-
stitutions identified in routine diagnostics are denoted as
unclassified variants (UVs) or variants of uncertain signif-
icance, respectively.

Based on functional analysis, it has become evident in
recent years that a substantial proportion of so-called
UVs, particularly those located close to exon-intron
boundaries, affect splicing because of the disruption of
putative regulatory elements such as exonic splicing en-
hancer and silencer motifs, or composite exonic regula-
tory elements of splicing.1–8 Aberrant splicing as the
underlying mechanism of presumed missense or silent
variants has been detected in a number of genes in-
volved in cancer predisposition such as MLH1, MSH2,
BRCA1, BRCA2, RB1, NF1, and ATM.9–17

Familial adenomatous polyposis (FAP) (MIM no. 175100)
is an autosomal-dominant precancerous condition charac-
terized by the appearance of numerous colorectal adeno-
mas, which, if not detected early and removed, invariably
result in colorectal cancer. In classic FAP, patients develop
hundreds to thousands of adenomatous polyps during the
second decade of life.18 The mild phenotype (attenuated
FAP) is etiologically heterogeneous and poorly defined;
usually the presence of less than 100 colorectal adenomas
and an advanced age at onset of both polyposis and colo-
rectal cancer are used as diagnostic criteria.19–22

FAP is caused by germline mutations in the tumor
suppressor gene APC on chromosome 5.21,23 The gene
consists of 15 exons, exon 15 encompassing approxi-
mately three-quarters of the coding sequence. To date,
more than 900 different APC germline mutations have
been identified in FAP patients �see Human Gene Muta-
tion Database (HGMD, www.hgmd.org) and references
therein�. The vast majority of mutations identified in FAP
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patients are predicted to result in truncated proteins be-
cause of either nonsense or frameshift mutations, or lead to
exon skipping because of mutations in the highly conserved
splice sequences.24–27 In addition, large genomic deletions
were found in �7 to 12% of FAP patients.28–30 Biallelic
mutations in the base excision repair gene MUTYH (MIM no.
604933) contribute to a subset of APC mutation-negative
patients.31–33

To date, only a few APC missense or silent mutations in
the coding sequence and unique variants in less-con-
served intronic sequences close to the splice site have
been reported in FAP families. The vast majority have
been found in exons 1 to 14 and the adjacent intronic
sequences. The functional relevance of these substitu-
tions is difficult to evaluate; only a small number were
characterized by mRNA or segregation studies. A silent
substitution in exon 14 (c.1869G�T;p.Arg623) has been
reported to induce exon skipping because of changes in
exonic splice enhancer sites.34 In a previous study, we
characterized five apparent missense or silent mutations
and five rare variants in less conserved intronic se-
quences at mRNA level and have demonstrated that all
but one of these variants lead to exon skipping and may
consequently be classified as pathogenic.35 Here, we
present results of mRNA analysis on another six APC
variants, five of which are novel, including a large
genomic duplication, and provide a summary of all APC
variants characterized at the RNA level published to date.

Materials and Methods

Patients

Since 1991, blood samples from 1431 apparently unre-
lated patients with the clinical diagnosis of either classic
or attenuated FAP have been referred to the Institute of
Human Genetics, University of Bonn, for mutation analy-
sis in the APC and/or MUTYH gene. If a rare APC variant
was identified during routine mutation screening in the
absence of a concurrent pathogenic APC or biallelic
MUTYH mutation, we obtained fresh blood samples for
mRNA analysis from each of the patients who were avail-
able and gave informed consent. Clinical information on
polyposis disease in the patients and their families was
obtained during genetic counseling sessions and from
medical records.

Rare APC Variants

A genetic alteration of the APC gene was considered
as rare variant if it i) represented a single-base substi-
tution in the coding sequence or at a less-conserved
intronic splice-site position (�/��20 bp), ii) was ob-
served only a few times (one to three times) in the
whole sample of 1431 patients, and iii) did not occur
together with a clearly pathogenic APC or biallelic
MUTYH mutation.

Detection of Germline Mutations on
Genomic DNA

Genomic DNA was extracted from peripheral ethyl-
enediaminetetraacetic acid-anticoagulated blood sam-
ples according to the standard salting-out procedure.
Screening for APC germline point mutations was per-
formed by examination of genomic DNA using the protein
truncation test for exon 15 and denaturing high pressure
liquid chromatography (WAVE, Transgenomic Glasgow,
United Kingdom) for exons 1 to 14 and the first 500 bp of
exon 15 as described.35 Polymerase chain reaction
(PCR) fragments showing aberrant patterns by either
method were sequenced on an ABI 3100 automated
sequencer (Applied Biosystems, Darmstadt, Germany)
using the cycle-sequencing procedure and the BigDye
terminator kit version 1.1 (Applied Biosystems). The
cDNA bases were numbered according to the APC ref-
erence sequence in GenBank NM_000038.2, where �1
corresponds to the A of the ATG translation initiation
codon.

Screening for large genomic deletions or duplications
was performed using MLPA (multiplex ligation-depen-
dent probe amplification). The MLPA test kit (SALSA
P043 APC exon deletion test kit; MRC Holland, Amster-
dam, The Netherlands) contains 23 paired probes from
the APC region to examine three fragments of the pro-
moter region, exons 1 to 14, and five fragments of exon
15 (including the two hotspot mutations at codon 1061
and 1309), in addition to 11 control probes from other
chromosomal regions. Screening for large deletions or
duplications was performed according to the manufac-
turer’s protocol. Data were analyzed by use of GeneMap-
per, version 4.0 software (Applied Biosystems) and gene
dosage was calculated with the Coffalyser V4 program
(MRC Holland).

APC Transcript Analysis

Fresh venous blood samples (2.5 ml) were collected into
PAXgene blood RNA tubes (Becton Dickinson, Heidelberg,
Germany) containing RNA stabilizing solution. Total RNA
was extracted by use of the PAXgene blood RNA kit (Qia-
gen, Hilden, Germany) according to the manufacturer’s
protocol. First strand cDNA was synthesized from 2 to 3 �g
of total RNA by random hexamer-primed reverse transcrip-
tion with the SuperScript first strand system for reverse
transcriptase (RT)-PCR (Invitrogen GmbH, Karlsruhe, Ger-
many) according to the manufacturer’s protocol. RT-PCR
fragments were obtained according to standard PCR pro-
tocols by use of different primers to generate the appropri-
ate fragments. RT-PCR products were separated on 2%
agarose gel and visualized with ethidium bromide. Gels
containing different RT-PCR fragments were examined on
an UV imaging system (Bio-Rad, Hercules, CA). Individual
bands were excised from the gel and eluted by use of the
High Pure PCR product purification kit (Roche Diagnostics
GmbH, Mannheim, Germany). Eluted DNA was reamplified
with the same pairs of primers and sequenced as de-
scribed above.
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Calculation of Splicing Efficiencies

Splicing efficiencies in the normal and mutant sequences
were calculated by use of the splice prediction program
of the Berkeley Drosophila Genome Project.

Results and Discussion

In the context of molecular APC diagnostics in 1431
unrelated FAP patients, we found pathogenic APC muta-
tions in 784 families and biallelic MUTYH mutations in
another 101 families (mutation detection rate 62%). In the
remaining 546 mutation-negative polyposis patients we
successively identified 11 different rare heterozygous
single-base substitutions in exons 1 to 14 (predicted as
missense or silent mutations), 15 different rare heterozy-
gous UVs at less-conserved intronic splice-site positions,
and two large duplications. In our previous study, five of
the exonic and five of the intronic UVs could be charac-
terized at the transcript level.35 In the meantime, another
six patients carrying a heterozygous rare variant agreed
to mRNA analysis (Table 1).

Variant c.531 � 5G�C in Intron 4

The intronic variant c.531 � 5G�C in a less-conserved
region close to the splice donor site of exon 4 (Figure 1A)
was identified in a patient diagnosed with FAP at 47 years
of age (FAP 1159). According to the splice prediction
program the G�C substitution results in a reduction of
splicing efficiency from 0.98 to 0.25.

mRNA analysis demonstrated that the variant leads to
skipping of exon 4 of the APC gene: examination of the
RT-PCR product obtained with primers localized in exon
3 (forward) and 5 (reverse) on agarose gel revealed,
apart from the normal fragment of 400 bp, an additional
fragment of �300 bp (Figure 1, B and C). Sequencing of
the whole RT-PCR product showed a heterozygous de-
letion of the entire exon 4, resulting in a fragment of 291
bp (Figure 1D). Thus, the mutation was designated as:
c.531 � 5G�C;r.423_531del; p.Arg144SerfsX8.

As expected, sequencing of the excised and reampli-
fied full-length fragment revealed the normal fragment

including exon 4. However, it still contains a minor frac-
tion of the exon 4-deleted product, probably attributable
to some heteroduplex formation between the full length
and deleted sequence. Sequencing of the short gel frag-
ment clearly demonstrated the complete lack of exon 4
beside a slight contamination with an additional se-
quence that does not derive from the APC gene but rather
seems to result from reamplification of unspecific PCR
products (data not shown).

The intensity of the 291-bp fragment in relation to the
normal 400-bp fragment was comparable to that ob-
served for mutations at highly conserved positions �1 or
�1 of splice sites, or for mutation c.423G�T at the first
position of exon 4. For the latter variant, we demonstrated
that exon 4 was almost completely deleted in the mutant
allele.35 Based on this comparison we concluded that the
variant c.531 � 5G�C led to an (almost) complete dele-
tion of exon 4 and hence can be considered as patho-
genic. These findings are consistent with a previous re-
port in which the mutation was proven to affect splicing in
a family with an attenuated phenotype.36

Substitution c.532-8G�A in Intron 4

The intronic variant c.532-8G�A in a nonconserved region
close to the splice acceptor site of exon 5 (Figure 2A) was
detected in a patient diagnosed with classic FAP at age 20
(FAP 1398). The family encompasses eight affected per-
sons in three generations. The affected sister of the index
patient also carried the variant. According to the splice
prediction program this G�A substitution introduced a new
AG sequence just before the normal splice acceptor site at
a splicing efficiency of 0.98, whereas the efficiency of the
normal splice acceptor site was reduced from 0.45 to
�0.01. The new splice site was predicted to result in the
inclusion of six intronic nucleotides in the mRNA and a
premature stop codon because of the in-frame TAG se-
quence in the three last included nucleotides.

The RT-PCR product obtained with primers localized in
exon 2 (forward) and exon 5 or 7 (reverse) revealed no
additional fragment on agarose gel (Figure 2, B and C).
However, sequencing of the entire RT-PCR product dem-
onstrated that the predicted aberrant splice product was

Table 1. Characterization of the Six Pathogenic APC Variants

FAP no. APC mutation Exon/intron
Predicted

effect
Influence on normal

splice efficiency (BDGP) RNA processing Phenotype

1159* c.531 � 5G�C Intron 4 0.98 to 0.25 Deletion of exon 4,
premature stop codon

Attenuated

1398 c.532 � 8G�A Intron 4 0.45 to �0.01 new SA
site: 0.98

Aberrant transcript,
premature stop codon

Classic

1476 c.1409-2_1409
delAGG

Intron 10 Destruction of
SA site

Activation of two cryptic
SA sites

Two aberrant transcripts,
premature stop codon

Attenuated

0005 c.1548G�A Exon 11 p.Lys516 1.00 to 0.84 Deletion of exon 11,
premature stop codon

Classic

1172 c.1742A�G Exon 13 p.Lys581Arg 0.92 to 0.78 Deletion of exon 13 Attenuated
1199 dup exon 10 to

11
Exon 10 to 11 Duplication of exon 10 to

11, premature stop
codon

Classic

SA, splice acceptor site; BDGP, Berkeley Drosophila Genome Project (splice prediction program).
*Also reported by Moisio et al.36
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in fact present at the mRNA level (Figure 2D). The muta-
tion should thus be designated as: c.532-8G�A;
r.531_532insTTTTAG;p.Ser179X. The mutation led to
complete aberrant splicing as shown by use of the poly-
morphic site c.1458T/C in exon 11 of the APC gene: reverse
sequencing of RT-PCR products obtained with either a nor-
mal or a mutant forward primer localized at the mutation site
and a reverse primer in exon 13 exclusively demonstrated
the T-allele in the normal sequence and the C-allele in the
mutant sequence (not shown).

Variant c.1409-2_1409delAGG in the Splice
Acceptor Site of Exon 11

The variant c.1409-2_1409delAGG was detected in a
patient who was diagnosed with rectal carcinoma and
adenomatous polyposis at age 68 (FAP 1476). This vari-
ant can be regarded as pathogenic per se because it
destroys the normal splice acceptor site of exon 11 (Fig-
ure 3A). Instead of the regular splice acceptor site, acti-
vation of two cryptic splice acceptor sites was indicated

by the splice prediction program: one was localized in
exon 11 leading to loss of the first 11 nucleotides. The
second splice acceptor site was localized in intron 10
leading to an insertion of 34 intronic nucleotides.

On agarose gel, RT-PCR products obtained with primers
localized in exon 9 (forward) and 13 (reverse) showed a faint
diffuse smear close to the normal fragment of 430 bp (Figure 3,
B). Both aberrant transcripts (r.1409_1419del and r.1409-
36_1409-3ins;1409delG) were barely detected, apart from the
normal transcript, by sequencing the entire RT-PCR product
(not shown).

Allele-specific RT-PCR with two forward primers de-
signed to specifically amplify the two expected mutant
transcripts demonstrated the presence of the two splice
products. Reverse sequencing of the RT-PCR products
confirmed the 11-bp deletion in the r.1409_1419del prod-
uct, whereas the sequence of the fragment obtained by
use of the second mutation-specific primer was not ana-
lyzable (not shown).

“Silent” Mutation c.1548G�A in Exon 11

According to the splice prediction program (the Berkeley
Drosophila Genome Project) this apparently silent substi-

Figure 1. Characterization of variant c.531 � 5G�C in intron 4 of the APC
gene (patient 1159). A: Sequencing pattern of genomic DNA reveals the
heterozygous substitution G�C. B: Agarose gel showing the RT-PCR product
obtained with primers localized in exon 3F and in exon 5R in patient 1159,
in patient 1007 with the mutation c.531 � 1G�A, and a control (C). C:
Diagram representing the mutation in genomic DNA (top) and the resulting
aberrant splicing and premature stop codon analyzed by RT-PCR (bottom;
primers indicated as arrows; boxes with numbers denote individual exons;
the mutation and surrounding sequences are indicated). D: Sequencing
pattern of the entire RT-PCR product showing the heterozygous deletion of
exon 4.

Figure 2. Characterization of the variant c.532-8G�A in intron 4 of the APC
gene (patient 1398). A: The sequencing pattern of genomic DNA reveals the
heterozygous substitution G�A. B: Agarose gel showing the RT-PCR product
obtained with primers localized in exon 2F and in exon 5R in the patient (P)
and in two control samples (C). C: Diagram representing the mutation in
genomic DNA and the aberrant splicing analyzed by RT-PCR (primers indi-
cated as arrows) resulting in a premature stop codon (TAG). D: Sequencing
pattern of the RT-PCR product showing the heterozygous insertion of six
intronic nucleotides in the patient’s sample. The sequences of the normal and
mutant forward primer are marked by arrows.
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tution c.1548G�A;p.Lys516 at the last position of exon 11
(FAP 5) (Figure 4A) resulted in a moderate reduction of
splicing efficiency, from 1.00 to 0.84. However, mRNA
analysis demonstrated that the variant leads to complete
skipping of exon 11 of the APC gene (Figure 4, C and E):
examination of the RT-PCR product obtained with primers
localized in exon 9 (forward) and 13 (reverse) on agarose
gel revealed, apart from the normal fragment of �400 bp
(corresponding to the expected 430 bp), an additional frag-
ment of �300 bp (Figure 4, B and E). Sequencing of the
430-bp fragment showed at nucleotide position 1548 only
the normal G allele (Figure 4C). Moreover, the patient was
heterozygous (C/T) at the polymorphic site C/T at nucleotide
position 1458 (codon 486) on genomic DNA, but only allele
C was present in the RT-PCR fragment of 430 bp. In the
short fragment, the entire exon 11 was missing, resulting in
a 290-bp product. Thus, substitution c.1548G�A did not
result in the predicted silent variant p.Lys516 but rather in a
deletion of exon 11 and a premature stop codon in exon 12.
Hence, this mutation can be classified as clearly patho-

genic. The correct nomenclature of the mutation is:
c.1548G�A;r.1409_1548del;p.Gly471TyrfsX19. This muta-
tion was detected in a patient with classic FAP (FAP no. 5)
in accordance with the known genotype-phenotype
correlation. He was diagnosed with rectal bleeding at
the age of 20 years. Approximately 140 adenomas
were removed in three sessions of rectoscopy. The
patient underwent total proctocolectomy with ileo
pouch anal anostomosis at age 21.

Interestingly, the mutation was not present in the pe-
ripheral blood sample of the patient’s father, who had
been diagnosed at the age of 45 years with a rather
attenuated FAP with �90 adenomas being removed dur-
ing the following 4 years. Now, at age 68, the father still
has not undergone colectomy but has regular colonos-
copies with several adenomas removed in every session.
The patient’s healthy mother does not carry the variant
either. Thus, it is likely that the mutation was present as a
somatic mosaic in the patient’s father and that it did not
occur de novo in the index patient. This hypothesis is

Figure 3. Characterization of variant c.1409-2_1409delAGG (patient 1476). A: Sequencing pattern of genomic DNA
reveals the mutation in the splice acceptor site of exon 11. B: Agarose gel showing the RT-PCR product obtained with
primers localized in exon 9F and in exon 13R in patient 1476 (P) and in a control (C), indicated by a white arrow. C:
Diagram representing the mutation on genomic DNA and the two aberrant transcripts detected by RT-PCR leading to
premature stop codons. Arrows indicate primer positions.

Figure 4. Characterization of variant c.1548G�A
in exon 11 of the APC gene (patient 5). A: Se-
quencing pattern of genomic DNA reveals the het-
erozygous substitution G�A, arrows, in the index
patient but not in his affected father. B: Agarose gel
showing the RT-PCR product obtained with prim-
ers localized in exon 9F and in exon 13R (P) and a
control (C). C: Sequencing pattern of the 290-bp
and 430-bp fragments excised from the gel show-
ing the deletion of exon 11 in the short fragment
and the complete lack of the mutant allele in the
full-length fragment. Arrow indicates the position
of the mutation. D: Haplotype analysis in family 5
shows that the mutation in the index patient oc-
curred in the paternal haplotype. T, C, the two
alleles of the SNP at nucleotide position 1458
(codon 486); Mut, mutation (G�A, arrow) at nu-
cleotide position 1548; and n, normal sequence
(G). E: Schematic diagram representing the muta-
tion in genomic DNA and the aberrant splicing
variant detected by RT-PCR leading to a premature
stop codon. Arrows indicate primer positions,
arrowhead indicates location of the G�A
mutation.
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supported by results of linkage analysis with the intra-
genic SNP at codon 486 in exon 11 (Figure 4D). Se-
quencing of the normal fragment showed only allele C.
Hence, the mutation must have occurred in the paternal
allele with T at nucleotide position 1458.

“Missense” Mutation c.1742A�G in Exon 13 of
the APC Gene

The single base substitution c.1742A�G (FAP 1172) lo-
calized at the second last position of exon 13 (Figure 5A)
was predicted to change the triplet AAG (lysine) in codon
581 into AGG (arginine). According to the splice predic-
tion program (the Berkeley Drosophila Genome Project),
this substitution reduces the splicing efficiency from 0.92
to 0.78. Examination of the RT-PCR product obtained with

a primer localized in exon 11 (forward) and in exon 15A
(reverse) revealed a shorter fragment of �500 bp at
similar intensity as the normal fragment of �600 bp (cor-
responding to the expected 618 bp) (Figure 5, B and C).
Sequencing of the small fragment revealed a loss of the
entire exon 13, resulting in a 501-bp product. Sequenc-
ing of the large fragment showed at nucleotide position
1742 predominantly the normal allele A and only a very
small amount of the mutant allele G (Figure 5D). Thus,
loss of exon 13 occurred most likely in the mutant allele.

These results demonstrate that variant 1742A�G does not
result in the predicted amino acid change (p.Lys581Arg) but
rather in reduction of the splicing efficiency of the splice donor
site of exon 13 and in an almost complete deletion of exon 13
at mRNA level. Loss of exon 13 is not associated with a
change in the reading frame. The variant is thus designated as

Figure 6. Characterization of the duplication of exons 10 to 11 of the APC gene (patient 1199) detected by MLPA. A:
Normalized peak areas showing the duplication of exons 10, 10a, and 11. B: Agarose gel showing the RT-PCR product
obtained with primers localized in exon 9F and 13R in the patient (P) and a control (C). The faint bands above the main
bands represent the products containing the alternatively spliced exon 10a (small arrows). C: Partial sequence
showing the junction of exon 11 and exon 10 in the duplicated fragment (666 bp) excised from the agarose gel
(without exon 10a). D: Diagram representing the order of the exons and the resulting premature stop codon in the
duplicated exon 10. Arrows indicate primer positions.

Figure 5. Characterization of variant c.1742A�G
in exon 13 of the APC gene (patient 1172). A:
Sequencing pattern of genomic DNA reveals the
heterozygous substitution A�G. B: Agarose gel
showing the RT-PCR product obtained with prim-
ers localized in exon 11F and in exon 15A-R in the
patient (P) and a control (C). C: Diagram repre-
senting the normal and aberrant transcript. Ar-
rows indicate primer positions. D: Sequencing
pattern of the 501-bp and 618-bp fragments ex-
cised from the gel showing the deletion of exon 13
in the short fragment (above) and the (almost)
complete lack of the mutant allele (arrow) in the
full-length fragment.
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c.1742A�G;r.1627_1743del;p.543_581del. The mutation
can be considered as pathogenic because it results in
removal of a complete heptad repeat motif from the
N-terminal region of APC.21

Mutation c.1742A�G was detected in a patient (FAP
no. 1172) with fairly attenuated FAP. He was diagnosed
with multiple adenomas in the entire colorectum at age
34. The attenuated phenotype might be explained by the
fact that a small proportion of the mutant allele was main-
tained in the full-length transcript, preserving a residual
activity. Moreover, the transcript with the in-frame dele-
tion of exon 13 may also maintain some residual function.

Large Genomic Duplication of Exons 10 to 11

Although large APC deletions encompassing one exon
up to the entire gene are frequently detected in
FAP,28,29,37 to date, only one duplication of exon 4 has
been published and characterized at the mRNA lev-
el.38 We have identified a large genomic duplication by
MLPA in two apparently unrelated patients with a clas-
sic FAP phenotype (FAP nos. 1199 and 1487). The
patients carried a duplication of exons 10, 10a, and 11
(Figure 6A). In family 1199 the duplication was trans-
mitted to both affected children of the index patient.

From one of these patients, mRNA was available. By
RT-PCR with primers localized in exon 9 (forward) and
exon 13 (reverse), we demonstrated that the dupli-

cated exons were expressed at normal intensity (Fig-
ure 6B). Sequencing of the larger RT-PCR product
extracted from agarose gel showed that exons 10 and
11 were correctly spliced and duplicated in the order
of the exons: 9-10-11-10-11-12 (Figure 6, C and D).
The alternatively spliced exon 10a was not detected in
the duplicated RT-PCR product. This duplication was
predicted to result in a frameshift leading to a premature
stop codon within the first part of the duplicated exon 10.
The designation of this mutation is: c.1313-?_1549�
?dup;r.1313_1549dup;p.Ala517CysfsX16.

Conclusions

Identification of the genetic basis in patients with adeno-
matous polyposis is required for differential diagnosis
between FAP and MUTYH-associated polyposis or even
hereditary non-polyposis colorectal cancer in some fam-
ilies and is particularly important for predictive testing in
persons at risk. To date, �40 different rare missense or
silent APC mutations have been published or listed in
mutation databases (HGMD and references therein).39

However, only a minority was characterized at mRNA
level or by other functional assays.17,34–36,40–44

Although criteria for the assessment of the pathoge-
nicity of UVs have been established (de novo appear-
ance, change of amino acid polarity or size, occurrence

Table 2. Summary of Published Rare APC Variants Characterized by Functional Analysis

Variant Site
Predicted

effect Method Result Interpretation Reference

c.423-6del8ins13 Intron 3 PTT* (RNA-based) Aberrant splicing
intron 3

Pathogenic 40

c.423-5A�G Intron 3 Transcript analysis (mRNA) Deletion of exon 4 Pathogenic 35
c.423G�T Exon 4 p.Arg141Ser Transcript analysis (mRNA) Deletion of exon 4 Pathogenic 35
c.531 � 5G�C Intron 4 Transcript analysis (mRNA) Deletion of exon 4 Pathogenic 36
c.531 � 5_531 �

8delGTAA
Intron 4 Transcript analysis (mRNA) Deletion of exon 4 Pathogenic 35

c.834G�C Exon 7 p.Gln278 Transcript analysis (mRNA) Deletion of 11 bp,
premature stop
codon

Pathogenic 40

c.835-17A�G Intron 7 Transcript analysis (mRNA) Insertion of 16 bp,
premature stop
codon

Pathogenic 41

c.835-7T�G Intron 7 Transcript analysis (mRNA) Insertion of 6 bp,
premature stop
codon

Pathogenic 40

c.1312 � 3A�G Intron 9 Transcript analysis (mRNA) Deletion of exon 9 Pathogenic 35
c.1312 � 5G�A Intron 9 Transcript analysis (mRNA) Deletion of exon 9 Pathogenic 35
c.1312 � 5G�T Intron 9 Transcript analysis (mRNA) Deletion of exon 9 Pathogenic 42
c.1419G�A Exon 11 p.Gln473 Transcript analysis (mRNA) Normal transcript Nonpathogenic 41
c.1869G�T Exon 14 p.Arg623 Transcript analysis (mRNA) Deletion of exon 14 Pathogenic 34
c.1956C�T Exon 14 p.His652 Transcript analysis (mRNA) Deletion of exon 14 Pathogenic 35
c.1957A�G Exon 14 p.Arg653Gly Transcript analysis (mRNA) Deletion of exon 14 Pathogenic 35
c.1957A�C Exon 14 p.Arg653 Transcript analysis (mRNA) Deletion of exon 14 Pathogenic 35
c.1958 � 3A�G Intron 14 Transcript analysis (mRNA) Deletion of exon 14 Pathogenic 35
c.1959G�A Exon 15A p.Arg653 Transcript analysis (mRNA) Normal transcript Nonpathogenic 35
c.3077A�G Exon 15E/F p.Asn1026Ser ß-catenin binding analysis Reduced affinity for

ß-catenin
Pathogenic 43

c.3871C�G Exon 15G p.Gln1291Glu PTT* Truncation† Pathogenic 44
c.7504G�A Exon 15T p.Gly2502Ser Transcript analysis (mRNA) Normal transcript Nonpathogenic 17
c.7862C�G Exon 15 p.Ser2621Cys Transcript analysis (mRNA) Normal transcript Nonpathogenic 17

*Protein truncation test.
†The reason for the truncated product was not identified.
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in an evolutionarily conserved sequence across species,
absence in healthy controls, co-segregation with the phe-
notype in pedigrees, LOH or loss of protein expression in
tumor tissue),45,46 these features are too uncertain to
allow sufficient prediction of functional consequences.
The prediction power of in silico programs such as the
Berkeley Drosophila Genome Project or ESEfinder is lim-
ited. Although they may provide hints for possible effects
on splicing, the prediction may differ from that demon-
strated in vivo by examination of mRNA.10,12,35

We analyzed six rare APC variants at the RNA level and
could demonstrate aberrant transcripts in all cases. Five
of the six variants result in premature stop codons be-
cause of an aberrant out-of-frame transcript, whereas the
in-frame deletion of exon 13 is assumed to be pathogenic
on the basis of missing functional motifs. Two patients
(FAP nos. 1476 and 1172) presented with an unexpected
mild (attenuated) phenotype according to the site of mu-
tation. These phenotypes may be explained, at least in
part, by incomplete aberrant splicing, undiscovered mo-
saicism, or residual function in case of the in-frame mu-
tation. Our results obtained in family FAP 5 suggest so-
matic APC mosaicism, the mutation would not have been
detected if we had performed mutation analysis in the
affected father.

The high frequency of obvious pathogenic mutations
among the examined variants, both in the present and our
previous study, possibly indicates some kind of selection
bias. However, because all available patients were con-
tacted, this possibility seems to be of no great importance.
Interestingly, our findings correspond with previous studies
and in silico analyses. Table 2 summarizes the results of a
literature review with respect to rare APC variants examined
by functional analyses indicating a high frequency of patho-
genic mutations among rare APC variants, the majority at-
tributable to aberrant splicing.17,34–36,40–44 Although a pub-
lication bias cannot be excluded, these considerations are
in line with the current analyses of systematic data on hu-
man genetic variation, which suggest that a considerable
fraction of (de novo) rare missense mutations may have
deleterious effects.47,48 In a recent comprehensive evalua-
tion, Azzopardi and colleagues49 found rare (�2%) nonsyn-
onymous APC mutations significantly overrepresented in
mutation-negative FAP patients compared with carriers of
pathogenic mutations and normal controls.

Despite these statistical observations the pathogenic-
ity and mutational mechanism of a certain variant can
only be predicted by functional assays. As soon as rou-
tine APC diagnostics will include extended intron se-
quencing, a greater variety of rare APC variants will be
discovered. Classification of these variants as patho-
genic or neutral will remain a challenge.
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