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Figure 1 (A) G banded chromosomes 18 from the proband. The normal
chromosome 18 is on the left and the deleted chromosome 18 on the right.
Chromosomes are at the 550 band resolution. (B) CGH profile of
chromosome 18 showing decrease in green to red fluorescence ratio (FR)
over the region q11.2 to q12. The FR value over the q21 region was [11.0
(not deleted). The ideogram used for CGH analysis is at the 400 band
resolution. The CGH analysis provides molecular cytogenetic confirmation
of the G band analysis.

Fluorescent genotyping analysis of microsatellite markers
of the proband and both parents using a Pharmacia ALF
DNA sequencer was informative for seven proximal
chromosome 18 loci (table 1). A maternally derived deletion
was detected at four loci, D18S36, D18S34, D18S67, and
D18S535. This places the deletion breakpoints distal to the
position of 52.86 cM and proximal to 66.66 cM on the sex
averaged linkage map described by Broman er al.'® The
proximal breakpoint would map somewhere between
D18S66 at 52.86 cM and D18S36 at 58.45 cM. The map
position of 52.86 cM is close to the centromere since the
locus D18S480, at linkage position 51.21 cM, is on the p
arm. The molecular genetic analysis is therefore consistent
with a more proximal breakpoint in band q11.2 and provides
an initial set of reference loci for more precise mapping of
deletion breakpoints in other cases.

This case represents the only case out of the 13 previously
described cases'® of proximal 8q deletion to have break-
points defined at the molecular level. The majority of previ-
ously described cases of proximal 18q deletion were de novo
in origin, as in the present case. Four affected subjects were
identified in two generations of one family resulting from an
insertional translocation.” Some of the more consistent phe-

Table 1  Results of genotyping analysis at seven informative chromosome
18 loct

Chromosome band ~ Sex averaged genetic ~ Status in proband:

Locus position map position (cM) maternal/paternal allele
D18S66 ql2.1 52.86 +/+
D18S36 ql2.2-q12.3 58.45 —/+
D18S34 ql2.2 62.29 —/+
D18S67 ql2.2-q12.3 63.39 —/+
D18S535  18pter-qter 64.48 —/+
D18S65 ql2.2-q12.3 66.66 +/+
D18S39 q21.2 77.36 +/+
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notypic abnormalities in previously described cases included
moderate to severe mental retardation, prominent forehead
with a short nose and midfacial recession, deep set eyes, high
arched palate, ear anomalies, a tendency to obesity, ataxia,
and a risk of seizure. Hyperactivity, aggressive behaviour,
and distractibility were common.

Our patient falls into the milder end of the spectrum of
phenotypes resulting from proximal 18q deletion. He did
not have the typical dysmorphic facial features, but his
hyperactive behaviour, distractibility, and mild to moderate
mental retardation are consistent with descriptions of pre-
vious cases. Our result leads us to suggest that the typical
facial dysmorphism associated with other proximal 18q
deletion cases may be more associated with loss of band
q12.3, which was not deleted in our case. Furthermore, the
behavioural phenotype associated with proximal 18q dele-
tion may be more a consequence of loss of the more proxi-
mal bands q11.2 and/or q12.1. Only more precise identifi-
cation of deletion breakpoints in additional cases of
proximal 18q deletion will allow us to determine if this
hypothesis is correct.
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Submicroscopic deletions of the APC
gene: a frequent cause of familial
adenomatous polyposis that may be
overlooked by conventional mutation
scanning

EprTor—Familial adenomatous polyposis (FAP) is an
autosomal dominant colon cancer predisposition syn-

J Med Genet 2001;38:129-132

drome in which patients develop hundreds to thousands of
precancerous colonic polyps that have a high risk of
becoming malignant.

Despite the fact that deletions of the APC locus were
originally used to map' * and identify’ * the APC gene, most
studies of mutations in APC have used techniques which
would not detect deletions.”” Molecular analysis of the
APC gene in FAP patients has found the pathogenic muta-
tion in 70% of cases,® but a substantial minority have no
mutation identified.

Interstitial deletions of chromosome 5q, which include
the APC locus, have been reported in patients with polypo-
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Table 1 ~ Primer sequences

Letters

Product size  pmol per

Primer Sequence Ref (bp) reaction
APC exon 8 for ACC TAT AGT CTA AAT TAT ACC ATC 18 184 5
APC exon 8 rev GTC ATG GCA TTA GTG ACC AG 18 5
APC exon 15A for GTT ACT GCATACACATTGTGA C 18 371 2.5
APC exon 15A rev GCT TTT TGT TTC CTA ACA TGA AG 18 2.5
APC exon 15D for CTG CCC ATA CACATT CAAACAC 18 382 2.5
APC exon 15D rev TGT TTG GGT CTT GCC CAT CTT 18 2.5
APC exon 15F for AAG CCT ACC AAT TAT AGT GAA CG 18 435 7.5
APC exon 15F rev AGC TGA TGA CAA AGA TGA TAATG 18 7.5
MPZ exon 1 for CAG TGG ACA CAAAGC CCTCTGTGTA Yau (pers com) 389 7.5
MPZ exon 1 rev GAC ACCTGAGTCCCAAGACTCCCAG Yau (pers com) 7.5
MPZ exon 2 for CTCACTTCCTCT GTATCCCTTACTG Yau (pers com) 393 10
MPZ exon 2 rev GGA GGA CAATGT AGT CAG GGT GACA Yau (pers com) 10
MPZ exon 3 for TGA CAG CTG TGT TCT CAT TAG GGT C Yau (pers com) 453 7.5
MPZ exon 3 rev TCC GAG TGT ATG CCC TGC ATT GAG G Yau (pers com) 7.5

sis coli and mental retardation.” Submicroscopic deletions
have been reported in only a few cases.'’ "' In one family,"
linkage analysis with flanking and intragenic markers
followed by in situ hybridisation with intragenic cosmid
clones showed that the deletion was approximately 200 kb
and included more than the 3' half of the APC gene and the
3' adjacent D5S346 microsatellite. A recent report'
described a quantitative PCR assay to detect submicro-
scopic deletions which included the entire APC gene and
the adjacent D5S346 microsatellite in three unrelated Ital-
ian FAP families. These submicroscopic deletions do not
appear to be associated with mental retardation.

Microsatellite analysis of families with FAP in our region
showed one family with apparent non-maternity at
D58S346 in one of the affected offspring of an affected
mother, suggesting the possibility of an APC deletion. A
quantitative PCR assay was therefore developed to detect
submicroscopic deletions of the APC gene.

Previous analysis of 68 FAP families from the Yorkshire
region found the pathogenic mutation in 46 cases (67%).
These cases were referred for testing (with informed
consent) from the Yorkshire Regional Clinical Genetics
Service after clinical examination and counselling. All
families with an unidentified mutation have been analysed
by quantitative PCR; deletions have been identified in four
families which is about 5% of the Yorkshire FAP families.
In family 1, we studied three subjects affected with FAP.
Cytogenetic analysis on one of the patients showed a nor-
mal female karyotype. In family 2, we studied four subjects
affected with FAP. One of these patients, the father of the
other three, did not develop the disease until he was 62
years old. In family 3, we studied two affected subjects.
Only one sample was available from family 4. A patient
with a cytogenetic deletion 46,XX,del(5)(ql14.2q22.3) was
also analysed by the quantitative PCR method.

Linkage analysis was performed using several flanking
microsatellite markers: D5S299,"” D5S82,” DS5122,*
D5S346,” MCC,'" and D5S318."” Products were analysed
by GeneScan analysis on an ABI 373A DNA sequencer
with 672 software.

The quantitative multiplex PCR contained amplimers
for exons 8, 15A, 15D, and 15F of APC'® with exons 1, 2,
and 3 of MPZ (myelin protein zero) (S C Yau, personal
communication) used as a control (table 1). The 5' end of
one primer from each pair was labelled with the fluorescent
phosphoramidite 6-FAM. The reaction was carried out in
a total volume of 10 pl and contained 200-250 ng of tem-
plate DNA, primers (table 1), 0.5 U of Promega 7Zag
polymerase, 200 pmol/l of each dNTP, 1.5 mmol/l MgCl,
in buffer (50 mmol/l tris, 15 mmol/l (NH,),SO,, 50 mmol/l
KCl, 0.085 mg/ml BSA). The reactions were performed in
an M] Research thermal cycler. Cycling parameters were as
follows: 95°C for five minutes, 18 cycles of 95°C for 30
seconds, 52°C for 30 seconds, 70°C for one minute, and a

final extension at 72°C for five minutes. Products were
analysed by GeneScan analysis on an ABI 373A DNA
sequencer with 672 software. Fig 1 shows results from two
of our families and a subject with normal dosage for APC.
The amplification of the test sample was compared with
the amplification of a control sample with a known point
mutation in a different part of the APC gene. The peak
height of each amplified exon was used to calculate dosage
quotients, as described previously," for all amplicons. For
example, the dosage quotient (DQ) for exon 8 of APC and
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Figure 1  Electrophoretograms of quantitative PCR of exons 8 and 15 of
APC and exons 1, 2, and 3 of MPZ. From left to right the peaks are exon
8 APC, exon 154 APC, exon 15D APC, exon 1 MPZ, exon 2 MPZ, exon
15F APC, and exon 3 MPZ. (A) Family 2 deleted for exons 8, 154, 15D,
and 15F of APC and D55346. (B) Family 4 deleted for exons 15A4, 15D,
and 15E (C) Normal (point mutation in APC identified).
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Table 2 Dosage quotients (DQ) and standard deviation (SD)
calculations for electrophoretograms shown in fig 1

Sample peak  Control peak

Exon height height DQs ex1 DQs ex2  DQs ex3
Sample A Deleted for exons and 8 and 15A, 15D, and 15F
APC8 270 494 0.50 0.51 0.48
APCI154 217 359 0.55 0.56 0.53
APCI15D 219 415 0.48 0.49 0.46
APC15F 234 452 0.47 0.48 0.45
PO1 340 309
PO2 342 319
PO3 353 307

Mean DQ (exons 8 and 15)

0.50

SD

0.035
Sample B Deleted for exons 15A4, 15D, and 15F
APC8 916 494 0.85 0.98 0.90
APCI154 414 359 0.53 0.61 0.56
APCI15D 402 415 0.44 0.51 0.47
APC15F 465 452 0.47 0.54 0.50
PO1 675 309
PO2 603 319
PO3 634 307

Mean DQ (exon 8) Mean DQ (exon 15)

0.91 0.51

SD SD

0.067 0.052
Sample C Normal
APC8 375 494 1.00 1.15 1.10
APC154 265 359 0.97 1.12 1.07
APCI15D 249 415 0.79 0.91 0.87
APCI15F 308 452 0.90 1.04 0.99
PO1 234 309
PO2 210 319
PO3 211 307

Mean DQ (exons 8 and 15)

0.99

SD

0.110

exon 1 of MPZ is (sample APC exon 8 peak height/sample
MPZ exon 1 peak height)/(control APC exon 8 peak
height/control MPZ exon 1 peak height). Each APC exon
was compared with each MPZ exon. A dosage quotient
close to 1.0 indicated that two copies of the test gene are
present; a dosage quotient close to 0.5 indicated only one
copy. Dosage quotients and standard deviations of the
mean dosage quotients were calculated using duplicate test
and control sample loadings.

Dosage quotient and standard deviation results are
shown in table 2. The values were close to expected values
with standard deviations approximately 10% of the mean
dosage quotient. Two clear groups of results emerged with
no overlap seen between values close to unity or values
close to 0.5. Results indicating deletions (dosage quotients
close to 0.5) were seen in each case with more than one
amplicon, excluding allelic dropout as a cause of reduced
amplification.

Three of the four deletions identified were distinct.
Family 1 showed apparent non-maternity with marker
D5S346 between the affected mother and one of her
affected daughters. Quantitative PCR showed the affected
subjects to have only one copy of exon 8, exon 15A, exon
15D, and exon 15F of the APC gene and we concluded that
the mutation in this family was a deletion which extended

Table 3 Summary of microsatellite and quantitative PCR results
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from at least exon 8 of APC to the 3' D5S346 microsatel-
lite. A similar deletion was identified in family 2. In this
family, all affected subjects were homozygous for the same
MCC allele which suggests that the deletion could include
this locus. In family 3, the deletion extended from at least
exon 8 to exon 15F of APC. Microsatellite analysis showed
the proband to be heterozygous at D5S346 and D5S82. In
family 4 dosage quotients for exon 8 of APC showed that
there were two copies of this exon present but only one
copy of the regions of exon 15 examined. The proband was
heterozygous at D5S346. We concluded that the mutation
in this family was a deletion which included exons 15A,
15D, and 15F, but did not extend as far as D5S346. A
summary of the microsatellite data and quantitative PCR is
shown in table 3.

Using a quantitative PCR assay we found submicro-
scopic gene deletions of APC to be the pathogenic
mutation in four unrelated FAP families in Yorkshire,
accounting for about 5% of our FAP families. Taken
together with the report of De Rosa ez al'' who found sub-
microscopic deletions in three Italian families with FAP
(17% of their FAP pedigrees), these data suggest that
submicroscopic deletions of the APC gene may be more
common than is evident from published reports, perhaps
because they would be undetected by conventional
mutation scanning methods. For example, a recent study’
found APC mutations in 106/190 FAP families but did not
search for gene deletions. Our evidence suggests that gene
deletions may be found in a substantial minority of FAP
patients. That at least three of the four submicroscopic
deletions were distinct, differing in the loss of D5S346 and
exon 8, eliminates an undue bias in our sample because of
a common founder mutation. As the assay is relatively
quick and easy to perform, it will now form part of our ini-
tial diagnostic mutation screen for a new FAP patient.

A number of quantitative methods have been described
to measure gene dosage, including Southern blotting,”**
oligonucleotide hybridisation, competitive PCR,”* and
more recently Tagman assays* and comparative genomic
hybridisation (CGH) either using metaphase spreads” or
arrayed targets.”® Any useful dosage assay should meet cri-
teria of specificity (absence of false positives), sensitivity
(absence of false negatives), reproducibility, and be
reasonably economical in time and material. Hybridisation
assays using genomic DNA digests are somewhat more
time consuming than PCR based methods and usually
involve the use of radiolabelled probes. CGH is a promis-
ing alternative, but limitations in the size of deletions or
duplications detectable by metaphase spreads must be
overcome by the availability of arrayed DNA before the
technique can be generally applicable. Since automated
fragment analysis is already widely used in genetic
diagnostic laboratories, the use of dosage quotient analysis
offers a robust and accessible means to test for microdele-
tions and duplications.

Pathogenic duplications or deletions have long been
reported, from o globin® and dystrophin® to tumour sup-
pressor genes including BRCA1,” BRCA2,” and hMSH?2.”
It is therefore important that genetic testing includes the
detection of altered gene dosage where appropriate as con-

APC APC APC APC
D55299 D5882 D5S122 exon 8 exon 154 exon 15D exon 15F D5S346 McC D5S318
Family 1 Hom Het Hom 1 copy 1 copy 1 copy 1 copy Hom Het Het
Family 2 Het Het Hom 1 copy 1 copy 1 copy 1 copy Hom Hom Het
Family 3 Het Het Hom 1 copy 1 copy 1 copy 1 copy Het Het Het
Family 4 Het Het Hom 2 copies 1 copy 1 copy 1 copy Het Hom Het
Cytogenetic deletion Hom Hom Hom 1 copy 1 copy 1 copy 1 copy Het Hom Hom

Hom = homozygous at locus, Het = heterozygous at locus. The order of the markers and exons is 5' of APC to 3' of APC.
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ventional mutation scanning methods may miss submicro-
scopic deletions.

We thank Michael Yau, NE Thames Regional DNA Laboratory, Guy’s Hospi-
tal, London for providing primer sequences for STSs from the MPZ gene.
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Homozygosity for a splice site
mutation of the COL1A2 gene yields a
non-functional proa2(I) chain and an
EDS/OI clinical phenotype

Eprror—Type I collagen is the major structural protein of
skin, bone, tendon, ligaments, and cornea. It is a heterot-
rimer of two a1(I) chains and one 02(I) chain. Mutations
in one of its two structural genes (COL1A1, COL1A2)
underlie the inherited disorders osteogenesis imperfecta
(OI) and Ehlers-Danlos syndrome types VIIA and B
(EDS VIIA, EDS VIIB).! Mutations which inhibit the
processing of the protein precursor, procollagen, cause the
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ligamentous laxity and extreme joint hypermobility of
EDS VII. Structural abnormalities and/or reduced
production of type I collagen lead to the increased bone
fragility, thin skin, blue sclerae, dentinogenesis imperfecta,
and presenile deafness of osteogenesis imperfecta. The OI
phenotype can vary from perinatally lethal to mild disease
depending upon the nature of the mutation. Among the
mild group are patients who are heterozygous for a
non-functional COLIAI allele.>” Homozygosity for a
non-functional COL1A1 allele appears to be incompatible
with life.’ Several years ago we described a male infant
who was totally deficient in a2 (I)chains owing to homozy-
gosity for a non-functional COL1A2 allele.”” He had the
severe, progressively deforming type of osteogenesis
imperfecta (OI type III). His heterozygous third cousin
parents, however, showed no overt clinical symptoms but
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