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ARTICLE

Three submicroscopic deletions at the APC
locus and their rapid detection by
quantitative-PCR analysis
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We describe three unrelated kindreds, affected by familial adenomatous polyposis (FAP), with
5q submicroscopic deletions that encompass the entire adenomatous polyposis coli (APC)
gene and the adjacent DPI gene. In one family the deletion encompasses also the MCC
(mutated in colon cancer) gene. Affected members of these families had dysplastic
adenomatous polyps and congenital hypertrophy of the retinal pigment epithelium (CHRPE);
no individual was affected by mental retardation or facial dysmorphism. The deletions were
detected by linkage analysis with several intragenic and closely flanking polymorphic markers
and confirmed by a quantitative PCR analysis. This procedure could have an impact on the
detection of the molecular defect in FAP patients in whom mutational analysis fails to identify
the specific mutation.
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Introduction

Familial adenomatous polyposis (FAP) is an autosomal
dominant precancerous condition, caused by germ-line
defects in the adenomatous polyposis coli (APC) gene,
a tumour suppressor gene mapped on chromosome
5q21."* FAP patients are affected by hundreds to
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thousands of colonic and rectal adenomatous polyps
that have a high risk of becoming malignant. Frequent
extracolonic manifestations are desmoid tumours, epi-
dermoid cysts, osteomas, dental abnormalities, and
congenital hypertrophy of the retinal pigment epithe-
lium (CHRPE), which is considered the most common
extracolonic manifestation and an early clinical marker
of the disease.’

The molecular analysis of APC gene mutations has
led to the identification of the disease causing mutation
in about 70% of FAP cases. So far, more than 300
germline mutations have been identified within the
APC gene, most of which are located within exon 15.
These mutations are nonsense (30%) or frameshift
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(68%) mutations leading to a truncated APC protein.*”
Although most APC gene mutations result in
C-terminal truncated proteins, the clinical features of
FAP vary to a remarkable extent. It has been suggested
that the severity of the disorder, age at cancer onset and
number of extracolonic manifestations is related to the
size of the truncated APC protein.” In addition to
genotype and phenotype heterogeneity, patients with
an identical mutation can exhibit phenotype variability,
probably due to a modifying locus or environmental
factors.”®

Due to the inherent difficulty in detecting gene
deletions, interstitial 5q deletions that encompass the
APC gene have been identified in very few FAP
patients.”'® So far, large deletions account for about
2% of the identified germline mutations. An intragenic
APC deletion of 300 bp has recently been described in
an Italian polyposis patient.'” Phenotype heterogeneity
has been observed also in FAP patients with deletion of
the entire APC gene. In some of these patients the
colonic manifestations, ie number of polyps, age at
onset, and CHRPE, were similar to those observed in
classical FAP’'*'® Mental retardation and/or facial
dysmorphism have also been described.'”"* Within
these cases the frequency of extracolonic manifesta-
tions, including subcutaneous lesions, mandibular
osteomata and desmoid tumours, are similar to those
observed in FAP induced by other types of
mutation.'*

Here we describe three FAP families with 5q
submicroscopic deletions encompassing the APC and
DPI genes. One of these deletions encompasses also
the MCC gene, a tumour suppressor gene that is
mutated in sporadic colon cancer." The deletions were
detected by linkage analysis using several intra- and
extragenic markers and confirmed by a very rapid and
sensitive quantitative PCR method.

Materials and Methods

Patients
Affected subjects were recruited from health centers in
Campania (Southern Italy) and were of Italian origin. The
number of polyps, age at cancer onset, mental condition,
facial conformation and other extracolonic manifestations
were retrieved from hospital records. CHRPE was deter-
mined by indirect ophthalmoscopy. In all three families
polyposis-affected patients were mentally normal and without
facial dysmorphism.

In Family1 we studied 11individuals belonging to three
generations (Figure 1A). Subject I-1 died from colon carci-
noma at the age of 42, and the proband, subject II-2, had a

colon carcinoma at the age of 36years. Indirect ophthalmo-
scopic examination showed multiple bilateral CHRPE.
Patients 1I-1, III-2 and III-3 underwent prophylactic procto-
lectomy at age 48, 32 and 27, respectively. A desmoid tumour
of the anterior abdominal wall and a mandibular osteomatous
lesion were observed in patients I1I-2 and III-3, respectively.
Subjects 111-4, III-5, III-6, IV-1, IV-2 and IV-3 requested
molecular diagnosis. Subjects I1I-4, IV-1, IV-2 and 1V-3 (14,
10, 12 and 13 years old, respectively) proved to be carriers of
the deletion. Only patient II1I-4 underwent a rectosigmoido-
scopy, which revealed a widespread polyposis with more than
100 polyps.

In Family2 we studied seven individuals (Figure2A).
Subjects I-2 and II-1 died from colon carcinoma at the age of
42 and 30 years, respectively. FAP was clinically diagnosed in
subjects II-3 and I1-4 at a mean age of 35 years, and in subject
II-5 at the age of 28 years. All three patients underwent total
colectomy with ileorectal anastomosis. Subject II-5 developed
a kidney clear cell carcinoma, multiple rectal polyps with
severe dysplasia and a calcifying epithelioma of Malherbe at
the age of 48 years. In all patients, histological examination of
the colonic mucosa showed hundreds of dysplastic adenoma-
tous polyps. Patient III-1 had only a few polyps, removed by
colonoscopy at the age of 15, whilst patients III-2 had
hundreds of colonic polyps, some in the ascending colon with
severe dysplasia; she underwent proctocolectomy at the age
of 17 years. All affected individuals in this family had multiple
bilateral CHRPE.

In Family 3, without a family history of FAP, the disease was
diagnosed in the proband, subject II-2 (Figure 3A), when she
was 29 years old. She had profuse colon and gastric polyps
with severe dysplasia and she underwent total colectomy with
ileorectal anastomosis. In addition to a CHRPE phenotype,
she had osteomas and thyroid nodules.

Asymptomatic subjects III-1 and III-2 requested molecular
diagnosis.

Genotype Analysis

Linkage analysis was performed using several flanking and
intragenic polymorphic markers. The flanking markers used
were the microsatellites D5S82, D5S299, D5S122, D5S134,
D5S346, MCC, JW25°°% and the extragenic restriction
fragment length polymorphism (RFLP) EF5.44.* The intra-
genic markers analysed were the RFLP at the 3' untranslated
region and those at nucleotide positions 1458, 5037, and
5468.27%

Genomic DNA was extracted from peripheral blood
lymphocytes using a salt extraction procedure;® 0.5-1ug of
genomic DNA was amplified with 50 pmol of each primer,
200 um of dNTP, MgCl, 2.5mm and 2.5 units of Taq polymer-
ase enzyme with the reaction buffer supplied with the kit, in
a final volume of 100 ul. The reaction was performed in a 9600
Perkin Elmer PCR apparatus as reported elsewhere.”” The
extragenic marker EF5.44, the intragenic RFLP at the 3'
untranslated region of the gene and that at nucleotide 1458
were analysed by digestion of amplified DNA fragments with
Mnl1, SspI and Rsa I restriction enzymes, respectively;**>°
the intragenic polymorphism at nucleotide 5468 was analysed
by the single strand conformation polymorphism (SSCP) of
the amplified DNA fragments.”” The microsatellite markers
mentioned above were analysed by denaturing gel electro-
phoresis as follows: 15 ul of the amplified DNA and 10ul of
denaturing loading buffer were denatured at 95°C and



electrophoresed on a 6-8% polyacrylamide denaturing gel in
1 X TBE (tris-borate-EDTA) buffer, at 50-40 mAmp, for
about 2 h. PCR products were visualised by the silver staining
method.**

Quantitative PCR

Linkage analysis results were confirmed by a phosphor-
imager-based quantitative PCR assay. A duplex amplification
for each DNA sample analysed, either from individuals of
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each family or control DNA, was carried out as described.”
The two co-amplified products were the fragment H of exon
15 of the APC gene, amplified with the primers described by
Groden et al,”® and a fragment of the B-globin gene amplified
with primers EA320: ACA CAA CTG TGT TCA CTA GCA
and EA116: AAT CAT TCG TCT GTT TCC CA, as internal
control of the amplification. The reaction was carried out in a
total volume of 50 ul containing 200 ng of DNA, 10-20 pmol
of each primer, 200 um each of dNTP, 10uCi of a ¥P_dATP,
MgCl, 1.5mm and 2.5units of Taq polymerase with the
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Figure1 Molecular analysis of Family 1. A: Pedigree and haplotype analysis. Filled symbols: clinically affected FAP subjects; open
symbols: family members not affected or asymptomatic carriers. D55299, EF5.44, APC (15K), D55346, MCC and JW25 are some of
the extra and intragenic markers analysed (see Materials and Methods). The mutated allele is indicated by a thick line. The deleted
marker loci are marked by a dash. B: Autoradiography of the quantitative PCR analysis performed in 10 family members and two
normal DNA controls (N1 and N2). C: Computer-drawn histogram showing the diagnostic index (DI) calculated using the values

obtained from quantitative PCR.
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reaction buffer supplied with the kit. The amplification
conditions, performed in a 9600 Perkin Elmer apparatus, were
95°C, 3min initial denaturing phase; 95°C, 40s; 60°C, 20s;
72°C, 30s for 22cycles; 72°C, S5min final extension. For the
quantitative amplification of the MCC gene, the MCC
microsatellite marker, amplified with the primer described by
van Leeuwen er al,”®> was co-amplified with the B-globin
fragment. The amplification conditions were 95°C, 3 min
initial denaturing phase; 95°C, 40s; 66°C, 20s; 72°C, 30s for
Scycles; 95°C, 40s; 58°C, 20s; 72°C, 30s for 17 cycles; 72°C,
Smin final extension. 10l of the amplified DNA fragments
and 3wl of non-denaturing loading buffer were electro-
phoresed on a 5% polyacrylamide non-denaturing gel in
1 X TBE buffer. The gel was dried and exposed with the

GS-250 Molecular Imager (Biorad Laboratories, Hercules,
CA, USA) for about 15-18 h. The intensity of the radioactive
signals was expressed as pixel density units (PDU). The PDU
was measured for each band-containing spot and, after
subtraction of the background obtained from a blank area of
the same size, the ratio (R) between the value of the spot of
the deleted fragment (fragment H of the APC gene exon 15)
and the value of the spot of the undeleted fragment ($-globin
gene fragment) was calculated using the formula: R = (spot-
deletea-background/(spot,, geieea-background). The ratio was
calculated with spreadsheet software (Excel 4.0, Microsoft),
run on an Apple Macintosh Quadra computer connected to
the GS-250 Molecular Imager. The diagnostic index (DI),
namely the ratio between the R values in the subject to be
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Figure2 Molecular analysis of Family 2. A: Pedigree and haplotype analysis. Symbols are as reported in Figure 1A. D55299, EF5.44,
APC (15K), D55346, MCC and JW25 are some of the extra and intragenic markers analysed (see Materials and Methods). The deleted
marker loci are marked by a dash.B: Autoradiography of the quantitative PCR analysis performed in seven family members and in
two normal DNA controls (NI and N2). C: Computer-drawn histogram showing the diagnostic index (DI) calculated using the values

obtained from the quantitative PCR.



analysed and a normal control, was calculated using the
formula: DI = RproImsims/Rmrmal.3 !

Results

We describe three submicroscopic deletions of the long
arm of chromosome 5 in the distal half of band 5q22,
detected by a combination of linkage and quantitative
PCR analyses.

In Family 1, the haplotype analysis of the proband
I1-2 showed loss of heterozygosity for loci EF5.44, APC
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and D5S346. She was, instead, homozygous for MCC
locus and heterozygous for JW25 and D5S299 loci
(Figure 1A). She was heterozygous also for the flanking
loci D5S134, D5S122 and D5S82 (data not shown). This
result indicates that the deletion encompasses loci
EF5.44, APC, and D5S346, whereas loci MCC and
JW25, telomeric to the APC gene, and loci D55134,
D5S122, D5S299 and D5S82, centromeric to the APC
gene, are not included within the deletion. The same
deleted allele was detected in all affected subjects (II-1,
III-2, ITI-3 and I1I-4) and in the asymptomatic subjects
(IV-1, IV-2 and IV-3). Subjects III-5 and I11-6 were not
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Figure3 Molecular analysis of Family 3. A: Pedigree and haplotype analysis. Symbols are as reported in Figure 1A. D55299, EF5.44,
APC (3'-UTR), D55346, MCC and JW25 are some of the extra and intragenic markers analysed (see Materials and Methods). The
deleted marker loci are marked by a dash. B: Autoradiography of the quantitative PCR analysis performed in seven family members
and in two normal DNA controls (N1 and N2). C: Computer-drawn histogram showing the diagnostic index (DI) calculated using

the values obtained from quantitative PCR.
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carriers of the deletion. All the eight carriers of the
deletion showed a CHRPE phenotype. Linkage analy-
sis results were confirmed by a phosphorimager-based
quantitative PCR assay. The autoradiography of the
quantitative-PCR analysis performed in 10 members of
Familyl and in two normal unrelated controls is
reported in Figure 1B. The DI was about 0.5 for subjects
I1-1, 112, MI-2, MI-3, 114, IV-1, IV-2 and IV-3
(Figure 1C). In these subjects linkage analysis had
indicated loss of heterozygosity. The DI was about 1 in
subjects III-5 and III-6, which by linkage analysis were
shown not to be carriers of the deletion.

In Family 2, the haplotype analysis (Figure 2A) of the
proband (II-5) showed hemizygosity for loci EF5.44,
APC, D5S346 and JW2S5; he was heterozygous for loci
D5S299. He was heterozygous also for loci D5S82,
D5S122 and D5S134 (data not shown). The MCC
microsatellite was uninformative; however, quantitative
PCR analysis for this locus indicated only one allele in
the proband and consequently this marker is also
included in the deletion. Although large this deletion
was not detectable by cytogenetic analysis. The same
deleted allele was found in patients I1-3, I1-4, III-1 and
III-2. In this family the deletion encompasses loci
EF5.44, APC, D5S346, MCC and JW25, whilst loci
D5S82, D5S299, D5S122 and D5S134 are outside the
deletion. Figure 2B shows the autoradiography of the
quantitative PCR performed in seven members of this
family. The DI (Figure2C) was about 0.5 for subjects
I1-3, 11-4, 11I-5, I1I-1 and III-2, in which linkage analysis
had indicated loss of heterozygosity; the DI was about
1 for subject II-2, diagnosed as healthy by linkage
analysis.

In Family3, the haplotype analysis (Figure3A)
revealed that the proband (subject II-2) was hemizy-
gous for markers APC and D5S346, and heterozygous
for markers D5S82, D5S299, MCC and JW25. Markers
D5S122, D5S134 and EF5.44 were uninformative.
These data indicated that she was carrier of a deletion
involving loci APC and D5S346. Her parents, subjects
I-1 and I-2, and her sister, subject II-3, were hetero-
zygous for almost all loci analysed, and therefore they
were not carriers of the deletion. These data indicate
that in Family3 the deletion was a de novo mutation
that had arisen in the paternal germline. Subject III-1
showed a normal haplotype, whilst subject III-2, a
9-year-old child, still asymptomatic, inherited the
deleted chromosome from her mother. Figure 3B shows
the quantitative PCR analysis of seven members of this
family. The DI was about 0.5 for subjects II-2 and III-2,

and about 1 for the other family members
(Figure 3C).
Discussion

Detection of the APC gene deletions could explain
some of the FAP cases in which direct analysis of the
APC gene fails to detect the specific mutations. Using
linkage and quantitative-PCR analysis we identified
three submicroscopic deletions that encompass the
APC locus in three unrelated FAP families.

In recent years we have studied 18 FAP families and
the disease-causing mutations were identified in 12 fam-
ilies (67%); nine of these show frameshift mutations
(50%) within exons 5, 14 and 15 of the APC gene**™
and three show submicroscopic deletions (about 17%)
(this work). Apart from one frameshift mutation, the
3185delAA that leads to an attenuated phenotype, all
other mutations gave rise to a classical or aggressive
phenotype®”* (and this work). In the remaining six
families (33%), the mutational analysis failed to iden-
tify the disease-causing mutation and the quantitative
PCR analysis excluded the presence of large deletions.
A possible explanation is that mutations are located in
a region of the gene (introns or promoter) not
investigated or that other gene loci are responsible for
the increased colorectal cancer risk in these families.

To date, the majority of identified FAP-causing
mutations within the APC gene are those leading to
truncated APC products,’® whereas deletions of the
APC locus have been reported to account for about 2%
of germline APC mutations.”” Most of these are
cytogenetically visible interstitial deletions of chromo-
some 5 involving the APC locus.”” The quantitative
PCR method we used may explain the higher percent-
age (about 17%) of deletions found. This quantitative-
PCR procedure, devised originally for the rapid direct
diagnosis of BMD/DMD carrier status,” proved to be
an easy, rapid and robust method for the ‘gene dosage’
at the altered APC locus, very useful in detecting gene
deletions not long enough to be cytogenetically
visible.

Although the wealth of data on APC mutations has
greatly contributed to the knowledge of APC protein
structure function and of genotype—phenotype correla-
tions, the mechanisms of APC-driven tumorigenesis are
not yet fully understood. A ‘classical’ FAP phenotype is
associated with truncating mutations between codon
169 and 1600, a cluster of these, delimited by residues
1250 and 1469, leading to a ‘profuse’ form with more



than 5000 polyps.”” Since truncated APC proteins can
associate with the wild type protein, a putative domi-
nant-negative mechanism of action has been invoked
for these mutations.

Attenuated forms of FAP, the AAPC phenotype,
characterised by fewer polyps and a later onset age,
have been found associated with mutations at the
extreme 5' end or in the 3' part of the APC gene,
beyond codon 1597.7**! Mutations at the 5' end of the
APC gene are predicted to result in extremely short
and presumably unstable truncated proteins. Conse-
quently, these mutations might act as a null allele. On
the other hand, chain-terminating mutations at the 3'
end of the gene, beyond codon 1597, are predicted to
result in relatively large truncated proteins. It has been
suggested that these large truncated proteins might
retain a residual activity that gives rise to an attenuated
phenotype.*® However, western immunoblot analysis of
lymphoblastoid cell lines derived from patients bearing
mutations beyond codon 1597 failed to detect truncated
polypeptides and showed only the wild type protein.***'
This led to the suggestion that also mutations at the 3'
end of the gene act as a ‘null allele’. Very recently, in
tumours from patients who carry an inherited AAPC
allele, a lower frequency of loss of heterozygosity of
APC alleles compared with tumours from patients who
carry an FAP allele has been found.*” This finding
prompted the suggestion that AAPC alleles may have a
residual activity that modulates the spectrum and
frequency of mutations leading to adenoma forma-
tion.*” Taken together, these observations indicate that
more data, particularly at the level of APC protein
functional domains, are needed to address the compli-
cated issue of genotype—phenotype correlations.

The phenotype associated with allele deletions of the
whole APC gene is not clearly defined. Allele deletions
of the APC locus should result in a 50% deficiency of
the normal APC protein. Therefore, these FAP patients
represent the natural human model with a ‘null allele’
for the APC gene. Our results, in agreement with most
studies, indicate that patients with germline APC
deletions show a ‘classical’ FAP phenotype with more
than 100 adenomatous polyps, presence of CHRPE,
and onset age of about 25-35years.''"'*'>'® This
indicates that the ‘null allele’ in patients bearing APC
gene deletions and dominant negative alleles are
equivalent in respect of their phenotypic consequences.
However, the putative dominant-negative mechanism
cannot be applied to the ‘classical’ phenotype observed
in patients bearing large deletions. At the present state
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of knowledge, the classical phenotype in these patients
may be explained mostly by haploinsufficiency.

Finally, it has been suggested that the size of the
deletion might contribute to the development of other
phenotypic manifestations, such as mental retardation
and facial dysmorphism."* To our knowledge, the
patients analysed in this study were mentally normal
and none showed facial dysmorphism. Interestingly,
Family2 displays intrafamilial phenotypic variability:
among affected subjects colonic disease manifestations
were expressed at very different ages and the number
of polyps ranged from few in some patients to hundreds
in others; extracolonic manifestations, ie kidney carci-
noma and calcifying epithelioma, were present in one
of these patients. These data support the notion that
other genetic and/or environmental factors could play
an important role in the penetrance of the disease.
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