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Segmental uniparental isodisomy
(UPD) for 2p16 without clinical
symptoms: implications for UPD and
other genetic studies of chromosome 2

EDITOR—Uniparental disomy (UPD) is the inheritance of
both copies of a chromosome or a chromosomal region
from one parent.1 2 When both chromosomes from one
parent are present the phenomenon is called “heterodis-
omy”, whereas the presence of two copies of only one of the
parental chromosomes is called “isodisomy”. A map of
UPD for the human genome has been proposed and cov-
ers several areas of the 22 autosomes and the X
chromosome.1 3 Not unexpectedly, growth abnormalities
and other endocrine disturbances appear to be frequent in
patients with UPD for whole chromosomes or even for
small chromosomal regions.3 Although UPD appears to be
rare among patients with various congenital defects,4

disomic human sperm nuclei are present relatively
frequently and without interchromosomal diVerences.5

The true incidence of UPD may be significantly higher if
the various molecular and cytogenetic possibilities for dis-
omy are considered, and the genome is tested by densely
located polymorphic markers.1–5

UPD for chromosome 2 has been reported in five
patients,2 three cases of heterodisomy and two of
isodisomy.6–10 No particular clinical phenotype was seen in
one of the patients,7 but intrauterine growth retardation
(IUGR), oligohydramnios, and pulmonary and genital

hypoplasia were present in all of the other cases.6 8–10 Addi-
tional manifestations in the individual patients were prob-
ably the result of the cytogenetic event that preceded UPD;
two of the patients had confined placental mosaicism for
trisomy 29 10 and another had trisomy 2 mosaicism in
amniotic fluid culture.6

In the context of genetic studies for the mapping of Car-
ney complex (CNC), a normal subject was found to have
only maternal alleles of two polymorphic markers mapping
to the short arm of chromosome 2. The absence of a
microdeletion or other chromosomal anomalies (by classic
and molecular cytogenetics) suggested that the patient had
maternal isodisomy for a segment of chromosome 2. This
region is at least 100 000 base pairs (bp) long,11–13 lies
between polymorphic markers D2S123 and CA2, and cor-
responds to cytogenetic band 2p16.11 12 It is known to be
frequently involved in chromosomal and molecular aberra-
tions in endocrine and other types of tumours.11–13

Our patient was a normal 22 year old female; one of her
sisters and possibly her father are aVected with Carney
complex (CNC), a familial multiple endocrine neoplasia
and lentigenosis syndrome. The patient herself was a
healthy woman (fig 1), who participated in a genetic study
regarding CNC to discover if she is a carrier for that
syndrome. For this, and all the studies described here, the
patient signed an informed consent form under study
95CH059 approved by the Institutional Review Board of
the National Institute of Child Health and Human Devel-
opment. Her medical history was unremarkable. The
patient was born weighing 3374 g after a term pregnancy
and normal delivery. She had recurrent urinary tract infec-
tions as a child and she was on preventive antibiotics for

Figure 1 (A, B) Pictures of the patient; there are no dysmorphic features or any other abnormalities. (C, D, E) D8S284,
D5S421, and D9S175 polymorphic marker analysis, respectively, for confirmation of paternity: The order of the lanes
(from the left) is: father, mother, and patient. There is appropriate biparental inheritance of the two alleles.
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this problem. She had menarche at the age of 11 years;
adrenarche and thelarche were also reportedly normal. Her
final height was 1.57 m, which was not diVerent from that
of her family’s; obesity, acne, and hirsutism were problems
that developed after puberty. Because of her family history,
the patient was screened for Cushing syndrome but the
investigation was negative (data not shown). A detailed
physical examination showed no abnormalities, with the
exception of mild obesity.

DNA was extracted from peripheral blood as previously
described.11 Polymorphic markers around the CNC locus

on chromosome 211 12 were tested by the polymerase chain
reaction (PCR), following end labelling with ã-32P ATP of
the reverse primer for each marker (figs 1 and 2). Markers
on other chromosomes were tested for confirmation of
paternity; three are shown in fig 1: D8S284, D5S421, and
D9S175. The sequences and genomic order of these
primers are available in the genome database on line
(http://gdbwww.gdb.org/ and http://www.genome.wi.mit.
edu). High resolution karyotype analysis was obtained by
standard methods; a total of 25 cells were examined.
Fluorescence in situ hybridisation (FISH) was performed

Figure 2 Ideogram of the 2p16 region and genotyping for four polymorphic markers mapping to that region in the order
shown (tel-CA5-CA2-D2S123-D2S146-cen). Whereas for CA5 and D2S146 there is appropriate biparental origin of the
two alleles, for markers CA2 and D2S123 the patient lacks the paternal alleles; instead, she is a homozygote for one
maternal allele, suggesting maternal isodisomy for this chromosomal segment. F=father, M=mother, D=daughter (the
proband), S1, S2, and S3=the three sibs of the patient.
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Figure 3 Two specific hybridisation signals were detected on both chromatids of chromosome 2 at band 2p16; no other hybridisation sites could be detected.
(A) Inverted DAPI image for a representative metaphase spread (giving a G band-like appearance); arrows point to 2p16. (B) FITC and TRITC images
of that same metaphase spread superimposed on the DAPI image; the arrows point to the hybridisation signals of the two probes, one of them for the
D2S123/CA2 locus and the other for the D2S391 locus (near CA512 16). There are no deletions or other rearrangements involving the locus on the patient.
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with two bacterial artificial chromosomes (BACs) as
probes, as previously described14 15 (fig 3). The BAC
addresses were 79-H-12 (which contains polymorphic
marker D2S391) and 43-E-19 (which contains polymor-
phic markers D2S123 and CA2). Both clones were
obtained from a commercially available library (Research
Genetics, Huntsville, AL). Location, primers, and PCR
conditions for these two markers are available on line (see
above) or have been published before.11–13 16 Details on
these two BACs and their location in the physical map of
chromosome 2 have been published elsewhere.12 16 Using
nick translation, BAC 79-H-12 was labelled with
biotin-16-dUTP (Boehringer Mannheim Co, Indianapo-
lis, IN); BAC 43-E-19 was labelled with digoxigenin-11-
dUTP (also from Boehringer Mannheim Co, Indianapo-
lis, IN). Both probes were simultaneously hybridised on
metaphase chromosomes that were prepared from the
patient’s peripheral lymphocytes, as previously de-
scribed.17 18

Our results indicated that for two markers on chromo-
some 2, CA2 and D2S123, the patient had only maternal
alleles (fig 2). For both markers, the mother of the patient
was heterozygous, whereas the patient was homozygous for
one of the maternal alleles. The absence of a clinical diag-
nosis of CNC was consistent with the absence of a paternal
contribution for this segment of the genome where CNC
had been mapped. Fig 2 also shows an equal maternal and
paternal contribution for the first informative markers on
either side of the CA2/D2S123 locus,12 16 CA5 on the telo-
meric side (approximately 1 cM from CA-2/D2S123) and
D2S146 on the centromeric side (approximately 4 cM
from the CA2/D2S123 locus). Paternity was confirmed by
the testing of other polymorphic markers localised on other
segments of chromosome 2 or on diVerent chromosomes
(figs 1 and 2). For all informative markers tested, there was
equal paternal and maternal contribution, as expected. A
high resolution karyotype was obtained from the patient’s
peripheral lymphocytes; it did not show any abnormalities
on chromosome 2 or on any other chromosomes. FISH
with BACs previously identified as containing 2p16
genomic material,12 16 including one clone (43-E-19) that
contained the markers D2S123 and CA2, showed the
expected two signals from each of the chromosomes 2 of
the patient (fig 3). There were no structural abnormalities
of 2p16 detected by these two probes and the intensity of
the signal from all positive alleles was identical for all spots.

UPD for chromosome 2 has been reported in five
patients.1 2 6–10 In all cases, only maternal UPD was
observed and it was present across the entire length of the
chromosome.1 2 As in the reported cases, our patient too
had maternal UPD; however, this was only confirmed for a
short segment of chromosome 2, around markers D2S123
and CA2. Other chromosomal defects (microdeletion and
rearrangements) were excluded by both classical and
molecular cytogenetics. The region harbouring D2S123
and CA2 is at least 100 000 bp long.12 13 However, the exact
length of UPD in the reported patient is unknown, since
there are no other known informative polymorphic markers
in a region that extends for 4-5 cM around D2S123 and
CA2.12 16 The patient did not have UPD for markers CA5
and D2S146 (fig 2), which are located several million bp
telomeric and centromeric, respectively, of the CA2/
D2S123 locus.11–13 16

UPD, whether it is iso- or heterodisomy, is usually
observed along the entire length of the chromosomal arms
involved.1–3 One exception is that of chromosome 11 in
patients with Beckwith-Wiedemann syndrome (BWS);
they often have germline or somatic UPD for a segment of
the short arm of chromosome 11 around the BWS locus on
11p15.19 20 However, as more patients are tested for

polymorphisms of known genes, anonymous sequences, or
polymorphic markers, UPD is discovered for smaller areas
of the genome, surrounded by regions for which appropri-
ate, biparental inheritance can be shown. One recent
example is that of a patient with autosomal recessive
abetalipoproteinaemia caused by a mutation in the micro-
somal triglyceride transfer protein gene; he had UPD for a
150 000 bp long segment of chromosome 4q.21

Our patient did not have any detectable clinical
abnormalities. In general, UPD may cause clinical
symptomatology, if the disomic area harbours imprinted
genes or genes that harbour mutations that do not cause
disease in the presence of a normal functioning allele.1–3

Whether UPD for chromosome 2 has any clinical
consequences remains debatable; of the five patients
reported, one was normal,7 whereas the others had signifi-
cant findings, including IUGR, oligohydramnios, and pul-
monary and genital hypoplasia.6 8–10 The cytogenetic events
that preceded UPD, such as mosaicism for trisomy 2,6 9 10

may be responsible for some of these clinical manifesta-
tions. Nevertheless, the finding that maternal UPD for
2p16 did not cause any clinical problems to our patient,
defines a region on chromosome 2 that appears to be free
of imprinting eVects.

The CA2/D2S123 locus has been shown to be involved
in loss of heterozygosity (LOH) in several neoplasms,
including thyroid and adrenal tumours.22 23 However, the
facts that UPD of this region may be associated with nor-
mal clinical history and that, in general, segmental UPD
may be present at the somatic level only20 24 25 makes the
interpretation of LOH studies of the CA2/D2S123 locus
diYcult. Such LOH may be real, only if heterozygosity is
shown in the non-tumourous parts of the same tissue.

It is noteworthy that the CA2/D2S123 locus is also fre-
quently involved in microsatellite instability in human
tumours.11 26 Our data indicate that this, and one proximal
to the CA2/D2S123 locus region, have a high recombina-
tion rate and perhaps harbour a fragile site.11 12 16 UPD
occurs as a result of a meiosis type I, meiosis type II, or a
mitotic error (for proven post fertilisation defects).1–3 20

Thus, UPD may occur more frequently for regions
harbouring unstable or highly recombinant regions or
areas of chromosomal attachment during pairing. The
mechanism that led to our patient’s defect is unknown and
may be any of those suggested for UPD,1–3 20 24 25 including
partial trisomy rescue.6 9 10 Trisomy 2 may be incompatible
with life27–29 and, similarly, most duplications of segments of
chromosome 230–35 (leading to partial trisomy for that chro-
mosomal region) or deletions cause serious problems.36–38

In summary, we present a normal subject with segmen-
tal UPD for 2p16. This case has implications for the map-
ping of potentially imprinted genes on chromosome 2 and
tumour studies involving 2p16. It also shows that small
regions of UPD in humans may be phenotypically neutral,
if flanked by appropriately inherited regions, and suggests
that the occurrence of small regions of UPD may be more
common than previously suspected. This implies that
biparental inheritance should be tested for any time a
genetic defect is linked to human disease, especially when
there are questions about the recessive or dominant nature
of a defect or the associated disorder.

CONSTANTINE A STRATAKIS*
SUSAN E TAYMANS*

DAVID SCHTEINGART†
BASSEM R HADDAD‡

*Unit on Genetics and Endocrinology (UGEN), Developmental
Endocrinology Branch, (DEB), National Institute of Child Health and
Human Development (NICHD), Building 10, Room 10N262, 10 Center
Drive, MSC1862, Bethesda, Maryland 20892-1862 USA
†Department of Internal Medicine, Endocrinology and Metabolism, Ann
Arbor, MI 48109, USA

108 Letters

www.jmedgenet.com

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jm

g.bm
j.com

/
J M

ed G
enet: first published as 10.1136/jm

g.38.2.106 on 1 F
ebruary 2001. D

ow
nloaded from

 

http://jmg.bmj.com/


‡Institute for Molecular and Human Genetics and Department of
Obstetrics and Gynecology, Georgetown University Medical Center,
Washington DC 20007, USA

Correspondence to: Dr Stratakis, stratakc@cc1.nichd.nih.gov

1 Ledbetter DH, Engel E. Uniparental disomy in humans: development of an
imprinting map and its implications for prenatal diagnosis. Hum Mol Genet
1995;4:1757-64.

2 Kotzot D. Abnormal phenotypes in uniparental disomy (UPD): fundamen-
tal aspects and a critical review with bibliography of UPD other than 15.
Am J Med Genet 1999;82:265-74.

3 Morison IM, Reeve AE. A catalogue of imprinted genes and parent-of-
origin eVects in humans and animals. Hum Mol Genet 1998;7:1599-609.

4 Lindor NM, Karnes PS, Michels VV, Dewald GW, Goerss J, Jalal S, Jenkins
RB, Vockley G, Thibodeau SN. Uniparental disomy in congenital
disorders: a prospective study. Am J Med Genet 1995;58:143-6.

5 Rives N, Mazurier S, Bellet D, Joly G, Mace B. Assessment of autosome and
gonosome disomy in human sperm nuclei by chromosome painting. Hum
Genet 1998;102:616-23.

6 Harrison K, Eisenger K, Anyane-Yeboa K, Brown S. Maternal uniparental
disomy of chromosome 2 in a baby with trisomy 2 mosaicism in amniotic
fluid culture. Am J Med Genet 1995;58:147-51.

7 Bernsaconi F, Karaguzel A, Celep A, Keser I, Luleci G, Dutly F, Schinzel
AA. Normal phenotype with maternal isodisomy in a female with two
isochromosomes: I(2p) and I(2q). Am J Hum Genet 1996;59:1114-18.

8 ShaVer LG, McCaskill C, Egli CA, Baker JC, Johnston KM. Is there an
abnormal phenotype associated with maternal isodisomy for chromosome
2 in the presence of two isochromosomes? Am J Hum Genet 1997;61:461-
2.

9 Webb AL, Sturgiss S, Warwicker P, Robson SC, Goodship JA, Wolsten-
holme J. Maternal uniparental disomy for chromosome 2 in association
with confined placental mosaicism for trisomy 2 and severe intrauterine
growth retardation. Prenat Diagn 1996;16:958-62.

10 Hansen WF, Bernard LE, Langlois S, Rao KW, Chescheir NC, Aylsworth
AS, Smith DI, Robinson WP, Barrett IJ, Kalousek DK. Maternal uniparen-
tal disomy of chromosome 2 and confined placental mosaicism for trisomy
2 in a fetus with intrauterine growth restriction, hypospadias, and oligohy-
dramnios. Prenat Diagn 1997;17:443-50.

11 Stratakis CA, Carney JA, Lin JP, Papanicolaou DA, Karl M, Kastner DL,
Pras E, Chrousos GP. Carney complex, a familial multiple neoplasia and
lentiginosis syndrome. Analysis of 11 kindreds and linkage to the short arm
of chromosome 2. J Clin Invest 1996;97:699-705.

12 Kirschner LS, Taymans SE, Pack S, Pak E, Pike BL, Chandrasekharappa
SC, Zhuang Z, Stratakis CA. Genomic mapping of chromosomal region
2p15-p21 (D2S378-D2S391): integration of Genemap’98 within a frame-
work of yeast and bacterial artificial chromosomes. Genomics 1999;62:21-
33.

13 Leach FS, Nicolaides NC, Papadopoulos N, Liu B, Jen J, Parsons R, Pelto-
maki P, Sistonen P, Paltonen LA, Nystrom-Lahti M, Guan XY, Zhang J,
Meltzer PS, Yu JW, Kao FT, Chen DJ, Cerosaletti KM, Fournier REK,
Todd S, Lewis T, Leach RJ, Naylor SL, Weissenbach J, Mecklin JP, Jarvinen
H, Petersen GM, Hamilton SR, Green J, Jass J, Watson P, Lynch HT, Trent
JM, de la Chapelle A, Kinzler KW, Vogelstein B. Mutations of a mutS
homolog in hereditary nonpolyposis colorectal cancer. Cell 1993;75:1215-
25.

14 Taymans SE, Pack S, Pak E, Orban Z, Barsony J, Zhuang Z, Stratakis CA.
The human vitamin D receptor gene (VDR) is localized to region
12cen-q12 by fluorescent in situ hybridization and radiation hybrid
mapping: genetic and physical VDR map. J Bone Miner Res 1999;14:1163-
6.

15 Taymans SE, Pack S, Pak E, Torpy DJ, Zhuang Z, Stratakis CA. Human
CYP11B2 (aldosterone synthase) maps to chromosome 8q24.3. J Clin
Endocrinol Metab 1998;83:1033-6.

16 Taymans SE, Kirschner LS, Giatzakis C, Stratakis CA. Radiation hybrid
mapping of chromosomal region 2p15-p16: integration of expressed and
polymorphic sequences maps at the Carney complex (CNC) and Doyne
honeycomb retinal dystrophy (DHRD) loci. Genomics 1999;56:344-9.

17 Baldini A, Lindsay EA. Mapping human YAC clones by fluorescence in situ
hybridization using Alu-PCR from single yeast colonies. In: Choo KHA,
ed. In situ hybridization protocols. Methods in Molecular Biology Vol 33.
Clifton, NJ: Humana Press, 1994:75-85.

18 Ijdo JW, Lindsay EA, Wells RA, Baldini A. Multiple variants in subtelomeric
regions of normal karyotypes. Genomics 1992;14:1019-25.

19 Henry I, Bonaiti-Pellie C, Chehensse V, Beldjord C, Schwartz C, Utermann
G, Junien C. Uniparental paternal disomy in a genetic cancer-predisposing
syndrome. Nature 1991;351:665-7 .

20 Dutly F, Baumer A, Kayserili H, Yuksel-Apak M, Zerova T, Hebisch G,
Schinzel A. Seven cases of Wiedmann-Beckwith syndrome, including the
first reported case of mosaic paternal isodisomy along the whole
chromosome 11. Am J Med Genet 1998;79:347-53.

21 Yang XP, Inazu A, Yagi K, Kajinami K, Koizumi J, Mabuchi H. Abetalipo-
proteinemia caused by maternal isodisomy of chromosome 4q containing
an intron 9 splice acceptor mutation in the microsomal triglyceride transfer
protein gene. Arterioscler Thromb Vasc Biol 1999;19:1950-5.

22 Segev DL, Saji M, Phillips GS, Westra WH, Takiyama Y, Piantadosi S,
Smallridge RC, Nishiyama RH, Udelsman R, Zeiger MA. Polymerase
chain reaction-based microsatellite polymorphism analysis of follicular and
Hurthle cell neoplasms of the thyroid. J Clin Endocrinol Metab
1998;83:2036-42.

23 Kjellman M, Roshani L, The BT, Kallioniemi OP, Hoog A, Gray S, Farnebo
LO, Holst M, Backdahl M, Larsson C. Genotyping of adrenocortical
tumors: very frequent deletions of the MEN1 locus in 11q13 and of a
1-centimorgan region in 2p16. J Clin Endocrinol Metab 1999;84:730-5.

24 BischoV FZ, Feldman GL, McCaskill C, Subramanian S, Hughes MR,
ShaVer LG. Single cell analysis demonstrating somatic mosaicism involving
11p in a patient with paternal isodisomy and Beckwith-Wiedemann
syndrome. Hum Mol Genet 1995;4:395-9.

25 Chao LY, HuV V, Tomlinson G, Riccardi VM, Strong LC, Saunders GF.
Genetic mosaicism in normal tissues of Wilms’ tumour patients. Nat Genet
1993;3:127-31.

26 Stratakis CA, Jenkins RB, Pras E, Mitsiadis CS, RaV SB, Stalboerger PG,
Tsigos C, Carney JA, Chrousos GP. Cytogenetic and microsatellite altera-
tions in tumors from patients with the syndrome of myxomas, spotty skin
pigmentation, and endocrine overactivity (Carney complex). J Clin
Endocrinol Metab 1996;81:3607-14.

27 Robinson WP, Barrett IJ, Bernard L, Telenius A, Bernasconi F, Wilson RD,
Best RG, Howard-Peebles PN, Langlois S, Kalousek DK. Meiotic origin of
trisomy in confined placental mosaicism is correlated with presence of fetal
uniparental disomy, high levels of trisomy in trophoblast, and increased risk
of fetal intrauterine growth restriction. Am J Hum Genet 1997;60:917-27.

28 ShaVer LG, Langlois S, McCaskill C, Main DM, Robinson WP, Barrett IJ,
Kalousek DK Analysis of nine pregnancies with confined placental mosai-
cism for trisomy 2. Prenat Diagn 1996;16:899-905.

29 Lurie IW, Ilyina HG, Gurevich DB, Rumyantseva NV, Naumchik IV,
Castellan C, Hoeller A, Schinzel A. Trisomy 2p: analysis of unusual pheno-
typic findings. Am J Med Genet 1995;55:229-36.

30 Magee AC, Humphreys MW, McKee S, Stewart M, Nevin NC. De novo
direct duplication 2 (p12→p21) with paternally inherited pericentric inver-
sion 2p11.2 2q12.2. Clin Genet 1998;54:65-9.

31 Fineman RM, Buyse M, Morgan M. Variable phenotype associated with
duplication of diVerent regions of 2p. Am J Med Genet 1983;15:451-6.

32 Yunis E, Gonzalez J, Zuniga R, Torres de Caballero OM, Mondragon A.
Direct duplication 2p14 to 2p23. Hum Genet 1979;48:241-4.

33 Fryns JP, Kleczkowska A, Kenis H, Decock P, Van den Berghe H. Partial
duplication of the short arm of chromosome 2 (dup(2)(p13-p21)
associated with mental retardation and an Aarskog-like phenotype. Ann
Genet 1989;32:174-6.

34 Monteleone PL, Blair JD, Graviss ER, Chen SC, Salvador A, Grzegocki JA,
Monteleone JA. De novo partial 2p duplication with postmortem descrip-
tion. Am J Med Genet 1981;10:55-64.

35 Sarda P, Lefort G, Devaux P, Humeau C, Rieu D. Multiple congenital
anomalies due to partial 2p13-2pter duplication resulting from an
unbalanced X;2 translocation. Ann Genet 1992;35:117-20.

36 Megarbane A, Souraty N, Prieur M, Theophile D, Chedid P, Auge J, Veke-
mans M. Interstitial duplication of the short arm of chromosome 2: report
of a new case and review. J Med Genet 1997;34:783-6.

37 Wenger SL, McPherson EW. Interstitial deletion 2(p11.2p13): a rare chro-
mosomal abnormality. Clin Genet 1997;52:61-2.

38 Neidich J, Zackai E, Aronson M, Emanuel BS. Deletion of 2p: a cytogenetic
and clinical update. Am J Med Genet 1987;27:707-10.

J Med Genet 2001;38:109–113

Mutations in SURF1 are not
specifically associated with Leigh
syndrome

EDITOR—Isolated cytochrome c oxidase (COX) deficiency
is one of the most frequent causes of respiratory chain
defects in humans1 and results in a variety of clinical mani-
festations including Leigh syndrome (LS), hepatic failure,
and encephalomyopathy.2–4 COX, the terminal complex of
the mitochondrial respiratory chain, is composed of 13
subunits, three of them being encoded by mitochondrial
DNA genes. Nuclear genes encode the 10 other subunits.
However, a much larger number of proteins of nuclear ori-

gin are required for the correct assembly and function of
COX. More than 30 diVerent genetic complementation
groups for COX assembly have been isolated in yeast.5

Somatic cell genetic studies have shown that most cases of
LS associated with COX deficiency belong to one comple-
mentation group.6 7 The gene defect in this group was
mapped to chromosome 9q34 and analysis of a candidate
gene (SURF1) showed several mutations, all of which pre-
dict a truncated protein.2 8

While mutations in the three mitochondrial COX genes,
COX I-III, have been reported in a few patients,9–14 no
mutations in any of the nuclear genes encoding the COX
protein subunits have been identified so far.15 To date,
mutations in three nuclear genes have been identified in
patients with isolated COX deficiencies: SURF1 mutations
in patients presenting with LS,2 8 SCO2 mutations in
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patients with fatal hypertrophic cardiomyopathy and
encephalopathy,16 17 and a COX10 mutation in one family
with mitochondrial encephalopathy presenting with ataxia,
severe muscle weakness, ptosis, pyramidal syndrome, and
status epilepticus.18 While all three genes are involved in
COX assembly, they appear to be associated with three
distinct clinical entities. In particular, SURF1 mutations
have so far been reported only in LS.19 Similarly, the few
patients with mutations in the nuclear gene encoding the
flavoprotein subunit of the succinate dehydrogenase have
all presented as LS so far.20 21 Thus, in contrast with muta-
tions in mitochondrial DNA, mutations in nuclear genes
encoding proteins involved in respiratory chain assembly or
function appear to result in more specific phenotypes.
However, various clinical presentations associated with
mutations in NDUFV1, a gene encoding one of the
mitochondrial complex I subunits, have been described.22

Here, we show that new mutations in SURF1 can produce
a clinical phenotype with villous atrophy and hypertricho-
sis as presenting symptoms, without the typical central
nervous system pathology associated with LS.

A girl was born at term to unrelated, healthy parents
after a normal pregnancy (birth weight 2280 g, length 49
cm, head circumference 32 cm, −3 SD). At 6 months of
age, sudden failure to thrive, vomiting, and major hypertri-
chosis was noted (fig 1). She was first admitted to hospital
at 1 year of age. Laboratory investigations, including
plasma amino acids, lysosomal enzymes, urinary muco-
polysaccharides, and endocrine evaluation, were normal
apart from a low level of IgF1. A duodenal biopsy showed
partial villous atrophy and she was put on a gluten free diet.
Feeding diYculties and vomiting persisted and she was
then referred to our unit at 20 months of age. Physical
examination showed generalised hypertrichosis, a coarse
face, strabismus, and kyphosis. Weight and length were
below the mean (weight 8200 g, <−3 SD, length 73 cm,
<−3 SD, head circumference 46.5 cm, <−2 SD). She was
also hypotonic, was unable to walk, and had poor language
development with only a few words. A cerebral CT scan
was normal, as were hepatic and cardiac function. Labora-
tory investigations showed a high level of lactate (3.8
mmol/l, normal <2.5) and a general hypoaminoacidaemia
contrasting with normal levels of alanine and proline.
Medication with carnitine, vitamin C, and vitamin E was

started. She then developed bilateral optic atrophy and
psychomotor retardation (no ambulation at 34 months of
age) and a profound asthenia. She died at 3 years of age
from apnoea.

Respiratory chain (RC) enzyme analysis was performed
on skeletal muscle homogenate and cultured skin fibro-
blasts of the patient. Cytochrome c oxidase (CIV, EC
1.9.3.1), antimycin sensitive decylubiquinol cytochrome c
reductase (CIII, EC 1.10.2.2), malonate sensitive succi-
nate quinone dichlorophenolindophenol (DCPIP) reduct-
ase (CII, EC 1.3.99.1), NADH quinone reductase (CI, EC
1.6.5.3), and ATPase (CV, EC 3.6.1.34) activities were
measured spectrophotometrically on skeletal muscle
microbiopsies and cultured skin fibroblasts as previously
described.23 Results were expressed both as absolute values
and as activity ratios.24 Both skeletal muscle homogenate
and skin fibroblasts of the patient showed markedly
deficient COX activity whereas the activities of the other
complexes were in the normal ranges (table 1). This
resulted in highly abnormal ratios of COX to other RC
enzyme activities. No increase in the activity of the
succinate cytochrome c reductase was observed in either
tissue, and normal cytochrome c content relative to
cytochrome b was measured spectrophotometrically in
patient fibroblasts (not shown). The severe COX defi-
ciency found in both skeletal muscle and fibroblasts from
this patient is comparable to that previously reported in
patients with LS and SURF1 mutations.6 7

An immunoblot analysis of mitochondrially enriched
fractions from control and patient fibroblasts was per-
formed to investigate the steady state levels of the
structural subunits of the COX complex. Western blot
analysis of the COX subunits was performed as previously
described.26 Quantification of COX subunits was per-
formed using Sigma Gel software. For comparison, the
analysis was also performed on a COX deficient patient

Figure 1 The patient. Note the hypertrichosis on her back.

Table 1 Enzymological investigation of skeletal muscle homogenates and
cultures of skin fibroblasts from patient and controls

Activities (nmol/min/mg protein)

Patient Control (n=51)

Muscle homogenate
CI 31 8–35
CII 37 11–65
CIII 176 44–227
CIV 45 65–330
CV 96 29–162
CII+CIII 40 12–59

Patient Control (n=85)

Fibroblasts
CII 25 12–42
CIII 118 33–187
CIV 21 47–182
GPDH 17 6–26
CII+CIII 38 16–68

Activity ratios

Patient Control (n=51)

Muscle homogenate
CIV/CI 1.5 10.4±1.7
CIV/CII 1.2 5.7±0.6
CIV/CIII 0.3 1.4±0.2
CIV/CV 0.5 2.1±0.3

Patient Control (n=85)

Fibroblasts
CIV/CII 0.8 4.7±0.7
CIV/CIII 0.2 1.0±0.2
CII/GPDH 1.5 1.6±0.2

CI-V: the various complexes of the respiratory chain. Abnormal values appear in
bold.
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with typical LS associated with a known mutation in
SURF1 (homozygous 550delG mutation). A severely
reduced steady state level of several COX subunits was
observed in both fibroblast lines, consistent with deficient
assembly of COX (fig 2). COXII, COXIII, VIa, and VIc
subunits were the most severely aVected, as compared to
subunits I, IV, Va, and Vb which were present at 30-40% of
control levels.

PCR amplification and direct sequencing of the nine
exons of SURF1 was performed on genomic DNA from the
patient and his parents. The nine exons of the SURF1 gene
were amplified from genomic DNA using the following
intronic primers. Oligonucleotide sequences (forward/
reverse, 5'-3') of the SURF1 gene were as follows: exons 1
and 2: GATGCAGATGCTTCCTGCGTC, TCAAAGT
GCAGGGCAGACAG, exons 3 and 4: AGGGCTTCT
GGCTCCATGTCA, CTCAAGTAAAACAGGCCCTA,
exon 5: CAAACCTTGCTCGGCCACTGT, TGCCTC
TGCCAGGACAGCCA, exons 6 and 7: CCCCACCT
GAAGTAGCACTTT, AAGCTACTTGTTCCGAG
ATG, exons 8 and 9: AGTAGGGGGTGGACTTG
CGT, TTATCCAGGGACAGGGCTTC. Amplification
products were electrophoresed through a 2% low melting
point agarose gel and directly sequenced using the
PRISMTM Ready Reaction Sequencing Kit (Perkin-Elmer)
on an automatic sequencer (Applied Biosystems). The
SURF1 cDNA was amplified by RT-PCR from total RNA
isolated from patient fibroblasts using primer pairs flanking
the open reading frame25 and directly sequenced after gel
purification. For further analysis of the splice site mutation,
the amplified RT-PCR products were cloned using the
TOPOBLAST cloning kit (Invitrogen) and individual
plasmids were isolated and sequenced. Two heterozygous
mutations were found in the patient: a G to A transition at
nucleotide 553 of the cDNA changing an evolutionarily
conserved glycine into a glutamic acid (G180E) in exon 6
and a G to C transversion in the acceptor splice site of
intron 6 (G603-1C) (fig 3A, B). The G553A mutation was

found to be heterozygous in the mother and was absent in
the father, whereas the intron 6 splice mutation was only
present in the father. Both mutations were absent from
eight controls. The cDNA from patient fibroblasts was
amplified by RT-PCR. Sequencing of the RT-PCR product
showed that the mutation in the acceptor splice site of
intron 6 unmasked a cryptic acceptor in exon 7, resulting in
an in frame 6 bp deletion at the start of exon 7. This was
confirmed by sequence analysis of cloned RT-PCR
products (fig 3C). The deletion is predicted to eliminate
amino acids I197 and E198.

To establish the causative nature of these SURF1 muta-
tions in the COX deficiency, we first tested whether micro-
cell mediated transfer of SURF1 carrying chromosome 9
would rescue cell growth on selective medium for respira-
tory competent cells (RPMI with galactose minus uridine
and pyruvate).2 Grown under these selective conditions,
patient fibroblasts died after three to five days, while chro-
mosome 9 complemented cells were still alive after more
than two weeks. The direct involvement of SURF1 was
established by transducing patient fibroblasts with a retro-
viral vector expressing SURF1 cDNA.25 Expression of
SURF1 normalised the steady state levels of COX subunits
(fig 2C) and restored COX activity to control levels relative
to citrate synthase (CS), a mitochondrial matrix marker
(fig 2B).

Based on the identification of the disease causing muta-
tions in SURF1 in the proband, prenatal diagnosis was
oVered to the family. In agreement with normal COX
measurable in a trophoblast biopsy of the patient, we found
that SURF1 in the fetal cells did not harbour either of the
mutations. This avoided replicating the enzyme test on
amniocytes, which is currently required to confirm
biochemical diagnosis of respiratory chain deficiency.

The missense and in frame mutations reported in
SURF1 in our patient with COX deficiency diVer from
those previously reported in this gene.2 8 27 Most of the
reported mutations are truncating loss of function
mutations associated with undetectable Surf1 protein, a

Figure 2 Immunoblots of mitochondrial proteins isolated from patient
and control skin fibroblasts. (A) Cytochrome oxidase subunit composition
in control (C), patient (P), and typical LS patient (LS) fibroblasts. The
upper blots were developed with specific antibodies against the various
COX (COXI-VIc) subunits as indicated. The lower blots were developed
with monoclonal antibodies against VDAC (voltage dependent anion
channel) or the flavoprotein (Fp) of the succinate dehydrogenase
(SDH-Fp). (B) Cytochrome oxidase relative to citrate synthase
(COX/CS) in control and patient fibroblasts before (P) and after infection
with a SURF1 retroviral vector (P+SURF1). (C) Surf1 protein and
COX subunits II and IV in patient fibroblasts before (P) and after
transfection with a SURF1 retroviral vector (P+SURF1). The lower blot
was developed with a monoclonal antibody against VDAC.
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Figure 3 Analysis of the SURF1 gene and cDNA in the patient.(A)
Heterozygous mutation at G553A (cDNA) inherited from the mother
predicting a G160E substitution. (B) Heterozygous mutation inherited
from the father in the acceptor splice site of intron 6 (G603-1C) in the
genomic DNA. (C) In frame deletion of the first six bases of exon 7 in
patient cDNA predicting a deletion of I197 and E198 in the Surf1
protein. The sequence shown is a clone derived from the RT-PCR product.
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homogenous biochemical phenotype, and a typical LS
presentation. Missense mutations in SURF1 in COX defi-
cient LS patients appear to be rare as only two have been
reported,28 and an in frame deletion has never been
described. The clinical phenotype of the patient reported
here was also markedly diVerent from the typical LS in
patients with SURF1 mutations. The patient presented
with villous atrophy, hypertrichosis, and only mild
neurological involvement, with no significant brain lesions
as shown by the normal CT scan. Villous atrophy as well as
hair and skin anomalies have been observed in patients
with a mitochondrial disease.29 30 In particular, diarrhoea
and villous atrophy have been reported in association with
mtDNA rearrangements.31 Hair and skin anomalies as a
manifestation of respiratory chain deficiency were found in
10% of children (14/141) with mitochondrial disorders in
our original cohort.32 Three of these 14 patients presented
with sporadic hypertrichosis. The latter was not attribut-
able to hypothyroidism, gross malnutrition, or drugs, and
therefore appears to be one of the numerous unexplained
symptoms found in association with respiratory chain dis-
orders. Hypertrichosis was also noticed as an unusual pre-
senting symptom of COX deficiency in two boys with COX
deficiency.33 It is possible that the subtle neurological signs
initially present in our patient might have developed into
the typical lesions of LS in her brain had she lived longer;
however, typical LS patients develop the distinctive CNS
pathology in the first year of life.

It is tempting to ascribe the distinctive clinical presenta-
tion to the specific nature of the mutations in this case. The
association of diVerent clinical presentations with diVerent
classes of mutations in a given gene is a recurrent theme in
numerous genetic diseases. However, the biochemical
analysis of fibroblasts in our patient showed that the muta-
tions resulted in a severe COX deficiency similar to that
observed in typical LS patients. Further, Surf1 protein was
undetectable in our patient and immunoblot analysis
showed that reductions in the steady state levels of the
COX subunits were similar to those in an LS patient.
Although mutations in SURF1 are associated with a
specific defect in COX, other anomalies of the respiratory
chain have been reported in association with SURF1
mutations. In humans, an increased cytochrome c content
has been detected in some patients,28 while in a yeast strain
deleted for Shy1, the SURF1 homologue, an increased
electron flow to cytochrome c was indicated by an
increased succinate cytochrome c reductase.34 Neither of
these additional features was noticed in our patient.

How can we explain the variation in the clinical presen-
tation and/or course of the disease associated with SURF1
mutations? Although we cannot rule out environmental
influences or the influence of modifying genes, we favour a
model in which there is tissue specific variability in the sta-
bility (and therefore function) of the Surf1 protein that
depends on the nature of the mutations. All of the truncat-
ing mutations that have been reported in SURF1 in LS
patients disrupt the predicted C-terminal transmembrane
domain, a part of the protein that mutational analysis has
shown to be essential for protein stability.25 The mutations
reported here would cause an amino acid substitution or
small deletion in the loop (spanning the two transmem-
brane domains) that is predicted to reside in the
mitochondrial intermembrane space. It is not clear why
such mutations would completely destabilise the protein.
The G180E mutation does change a charge in an amino
acid that has been strictly conserved during evolution,28

and this could disrupt membrane insertion of the protein
or its interaction with other proteins. However, the identity
of the two deleted amino acid residues has not been evolu-
tionarily conserved.

Although the precise function of Surf1 is unknown, it is
clearly involved in some way with the assembly or mainte-
nance of the COX complex and thus must be involved in
protein-protein interactions.25 27 The nature of these
proteins is unknown, but it is possible that they are tissue
specific and that some mutants could be partially
functional in some tissues (like brain) but not others (like
fibroblasts). The COX complex does assemble and
function, albeit ineYciently (10-15% of control levels), in
the complete absence of Surf1 protein, and it is therefore
likely that even a small amount of Surf1 protein could pro-
duce a significant increase in COX activity.

Tissue specific deficiencies in the activity of COX have
been reported in the context of three other putative COX
assembly factors, suggesting that such eVects might be
common. A biochemically distinct form of COX deficient
LS has been mapped to chromosome 2 in a French Cana-
dian population.35 Although the gene defect has not been
identified, the cDNAs of the structural COX subunits are
normal and the deficiency appears to result from a failure
of complex assembly. COX activities are very low in brain
and liver of these patients, but relatively high in muscle and
fibroblasts.35 Recently, mutations in SCO2, whose gene
product is thought to act as a mitochondrial copper chap-
erone for COX, have been found to cause a distinct form of
early onset fatal cardiomyopathy. COX activity is reduced
to nearly undetectable levels in heart and skeletal muscle of
these patients, but relatively modest decreases are seen in
fibroblasts.16 17 Finally, a mutation in COX10, which
encodes haem A:farnesyltransferase, causes mitochondrial
encephalopathy without heart or liver involvement.18 The
reasons for the tissue specific diVerences in COX activity
associated with mutations in ubiquitously expressed COX
assembly factors remain obscure, but the evidence clearly
points to alternate pathways for assembly and diVerent
protein-protein interactions.

Three clear predictions emerge from the interpretation
of the results presented here. (1) Other patients with COX
deficiency, but without LS, will be found to harbour
SURF1 mutations, but all will have at least one allele that
does not result in a truncated protein. (2) Surf1 protein will
be detectable in the brain of these patients. (3) Tissue or
cell specific interacting protein partners will be found for
Surf1.

Sorting out the complexity of the phenotype-genotype
relationship in respiratory chain diseases, even when of
nuclear origin, remains a formidable challenge. The iden-
tification of the molecular bases of respiratory chain
dysfunction in these cases is an important practical goal
because it oVers confident prenatal diagnosis for these
devastating diseases, as shown in this study.
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A novel mutation and novel features in
Nijmegen breakage syndrome

EDITOR—Nijmegen breakage syndrome (NBS) is a rare
autosomal recessive disorder, characterised by micro-
cephaly, bird-like face, growth retardation, immuno-
deficiency, cytogenetic abnormalities, increased radiosensi-
tivity, and high susceptibility to lymphoid malignancy. The
NBS1 gene, mapped on chromosome 8q211 and recently
cloned,2 3 codes for nibrin, a member of the hMre11/
hRAD50 protein complex, involved in DNA double strand
break repair. The NBS Registry in Nijmegen includes 55
patients. The majority of them are of eastern European
origin and share a common haplotype, suggesting a
founder eVect, and a mutation consisting of a truncating 5
bp deletion in exon 6, 657-661 del ACAAA.4 Five further
mutations have been found in six patients with diVerent
haplotypes and of various ethnic origins.

We found a new mutation of the NBS1 gene in a 2 year
old girl from Morocco. The patient, a girl born at term in
August 1997 (fig 1), is the third child of apparently
non-consanguineous parents; the two brothers, aged 12
and 6 years, are healthy. The pregnancy was uneventful
until the 33rd week, when growth retardation, dilatation of
the cerebral ventricles, and agenesis of the corpus callosum
was diagnosed by ultrasound examination.

Figure 1 (A) The patient at 18 months. (B) The right
hand with preaxial polydactyly.
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Birth weight was 2520 g (3rd centile), length 46 cm
(<3rd centile), and head circumference 28.5 cm (<3rd
centile). Physical examination showed a “bird-like” face
with strabismus, downward slanting palpebral fissures,
large and low set dysmorphic ears, and a high palate. The
hands showed right preaxial polydactyly and bilateral clino-
dactyly of the fifth finger with a short middle phalanx and
single flexion crease. The feet showed bilateral cutaneous
syndactyly 4-5. Severe gastro-oesophageal reflux was also
present. Normal findings were obtained on ultrasound
examination of the heart and abdominal structures includ-
ing the ovaries. Agenesis of the right 12th rib was also
noted on chest x ray examination. MRI, performed when
the patient was 1 month old, showed agenesis of the corpus
callosum, dilatation of the ventricles, and cerebral
hypotrophy, features not previously described in associ-
ation with NBS.

TORCH complex analysis failed to show any evidence of
viral infection and routine blood analysis was within
normal limits, including serum AFP. When re-examined at
27 months, weight, height, and head circumference were
below the 3rd centile. Clinical examination confirmed the
findings observed at birth with a receding forehead, long
nose, short philtrum, and large ears (4.5 cm) compared to
head size; one hyperpigmented spot and several hypopig-
mented striae were noted on the back. Sparse hair, epican-
thic folds, and a receding mandible, frequently observed in
other NBS patients, were absent.

Serum immunoglobulin levels at 18 months were
extremely low: IgA 1 mg/dl (normal 100-490), IgG 174
mg/dl (normal 800-1700), IgM 8 mg/dl (normal 50-320).
A decrease in CD3 positive cells (24%, normal 60-87%)
(267 C/µl, normal 860-2607), CD4 (14%, normal 32-61)
(145 C/µl, normal 493-1666), and CD8 (10%, normal
14-43) (114 C/µl, normal 224-1112) was observed, while
the number of NK cells was increased (64%, normal 4-28)
(752 C/µl, normal 73-654). This pattern was confirmed six
months later.

Neuropsychomotor development was assessed by the
Brunet Lezine Developmental Scale when the patient was
27 months old. The full developmental quotient (DQ) gave
a score of 68, corresponding to an age of 18 months. The
lowest score was observed for the sub-item “Fine Motor
Coordination” (DQ 52 = 15.5 months), the highest for
“Gross Motor Coordination (DQ 82 = 22.5 months),
while “Speech and Language” and “Social Ability” gave
similar results (DQ 73 = 20 months and DQ 76 = 21
months, respectively). The overall evaluation of the patient
during the last 15 months showed a slight improvement in
neuromotor development, more pronounced for perform-
ance related to environmental stimuli.

No recurrent or severe infections were recorded up to 18
months, after which she suddenly started to develop infec-
tious diseases, including three episodes of febrile enteritis
and a stomatitis followed by candidosis. Substitutive IV
immunoglobulin therapy was then established, which
resulted in immediate weight gain and no further infections
were recorded. At the last examination (2 years 4 months of
age) no evidence of malignancy was found.

Chromosome analysis of the proband was carried out on
72 hour stimulated lymphocytes and on a lymphoblastoid
cell line (LCL). Of the 152 metaphases analysed from the
proband’s peripheral blood, 77 (50.6%) showed aberra-
tions, consisting mainly of chromosome or chromatid
breaks (csb, ctb) and fragments. In 31 metaphases, one or
more structural rearrangements were present: nine oc-
curred in chromosomes 7 and 14 and were inversions and
translocations with breakpoints at 7p15, 7q35, and 14q11,
regions that are rearranged to produce active T cell recep-
tor genes. Other anomalies (nine translocations, 15

deletions, three dicentrics, two rings, and two unidentified
markers) involved various chromosomes at random. In the
LCL, out of the 35 cells analysed, 19 (54.3%) showed
chromosome abnormalities, eight with breaks and sporadic
rearrangements and 11 with a clonal translocation
t(1;18)(q32.1;q23).

A consistent number of cells with non-specific chromo-
some aberrations were also found in peripheral blood lym-
phocyte cultures of the parents. In the father, 12
metaphases with aberrations were found out of 49 analysed
(24.5%). The majority of these showed chromatid
breakages (13 breaks in seven cells). Five further cells had
a chromosome breakage or a deletion. In the mother, 15
out of 50 (30%) cells had anomalies, of which 11 had a
total of 15 ctb, one pericentric inversion, and one
quadriradial configuration and four other cells had one csb
each.

DNA analysis of the patient and her parents showed
aberrant patterns on SSCP in exon 8 of the NBS1 gene.
Subsequent sequencing of the PCR products2 showed that
the patient was homozygous for a new NBS1 mutation.
The mutation was a large deletion of 25 bp designated
900del25, and leading to a premature termination of
nibrin, six amino acids downstream of the deletion. Both
parents were heterozygous for the same mutation (fig 2).

In accordance with the molecular data, nibrin was not
detected in the proband by immunoblot analysis with an
anti-nibrin polyclonal antibody (fig 3).

With the aim of characterising this new NBS mutation at
the cellular level, chromosomal sensitivity, cell cycle
disturbances, and induction of p53 and p21 (WAF1/Cip1)
were evaluated after treatment with DNA damage inducing
agents and compared with those of normal and ataxia-
telangiectasia (AT) cells. To score chromosome aberra-
tions, LCL from the patient, a normal control, and an AT
patient were treated with 15-30 cGy x rays. The yield of
chromatid type aberrations observed in G2 phase cells at
the time of the treatment is shown in fig 4. Irradiation pro-
duced mainly chromatid breaks. NBS and AT cells
appeared markedly sensitive to irradiation: values of
induction of chromosome damage compared to that of
normal cells were 3.8- and 2.9-fold in NBS and 4.7- and
4-fold in AT at 15 and 30 cGy, respectively.

In order to assess inhibition of mitotic entry, cells were
either irradiated with 25-100 cGy or treated with 4-16
pg/ml calicheamycin-ã1 (kindly provided by Dr P R
Hamann, Wyeth-Ayerst, Pearl River, NY, USA). Mitotic
index was assessed scoring for 1000 cells per experiment in
cells harvested two hours after treatment (fig 5A). Normal
cells were strongly impaired in their progression from G2
to M phase in a dose related manner. However, irradiated
NBS and AT cells sustained less reduction, in particular at
the lowest dose. At 100 cGy, the mitotic entry was reduced
to about 50% in NBS and AT patients compared to 24% in
control cells. In experiments with calicheamycin, a
compound known to cause DNA double strand breakage
(dsb) at the TCCT/AGGA sequences,5 the pattern of
mitotic inhibition in AT and control cells appeared similar
to that observed after radiation, while NBS cells behaved
diVerently, with mitotic entry inhibition intermediate
between that observed in control and AT cells (fig 5B).

Fig 6 shows the results of 24 hour post-irradiation G2/M
accumulation as evaluated in LCL irradiated with 50-200
cGy. The fraction of G2/M accumulated cells appeared
dose dependent for all LCLs investigated. However, doses
as low as 50 cGy caused a consistent accumulation only in
AT cells (43.2 %), whereas normal and NBS appeared less
sensitive (18.2% and 22.0%, respectively). At the highest
dose, NBS cells showed an intermediate response between
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that observed in normal and AT cells (41.8%, 32.0%, and
55.2%, respectively for NBS, normal, and AT cells).

To assess p53 and p21 protein induction, cells were irra-
diated with 400 cGy x rays and harvested two and four
hours later. Only slight diVerences were detected in the
level of p53 induction in normal and NBS cells (data not
shown). Similarly, the p21 radiation induced response
showed a sensitivity higher than normal (1.9- and 4.0-fold
induction at two and four hours, respectively) and NBS
cells (1.9- and 4.4 -fold) compared to AT cells (1.0- and
1.75-fold).

In conclusion, all the cardinal features of NBS are
present in our patient, who shows, in addition, less
common features such as pigmentation abnormalities,
clinodactyly, preaxial polydactyly, and syndactyly. She also
had a high palate, agenesis of the corpus callosum, dilata-
tion of the ventricles, and cerebral hypotrophy, malforma-
tions not previously described in NBS patients. At this
stage, with only 55 patients reported in detail, it is still
worth gathering information on previously unreported
symptoms or malformations to improve the definition of
the clinical picture and facilitate early diagnosis, which is
helpful for clinical management and therapy.

According to Hiel et al,4 cytogenetic aberrations are
present in all cases with a frequency ranging from 10 to
45% of metaphases in PHA stimulated T cells; in our
patient we found chromosome aberrations in 50.6% of T
cells and 54.3% of LCL. In most of the published NBS
cases, chromosomes 7 and 14 are preferentially involved in
aberrations.6 In the present case, rearrangements of
chromosomes 7 and 14 were found together with a high
number of non-specific translocations and abnormalities,
as in a previously described Italian patient,7 indicating a

general chromosome instability resulting from mutations
of the NBS gene. Scanty and contradictory data are avail-
able on heterozygous NBS parents’ karyotypes. Weemaes et
al8 described two NBS sons of second cousin parents;
cytogenetic studies of the relatives showed a lower
frequency of the same chromosome abnormalities found in
the patients, in the father, and in three of the phenotypi-
cally normal sibs. In other families, no increase of sponta-
neous fragility in parents or relatives of NBS patients was

Figure 2 (A) SSCP pattern of exon 8 of the NBS1 gene (P=patient, M=mother, F=father, C=control). (B) Segment of genomic sequence in exon 8 of
the patient homozygous for mutation 900del25.

Figure 3 Nibrin in proteins extracted from LCLs of a
normal subject (C), the NBS patient, and an AT patient,
as evaluated by means of an anti-nibrin polyclonal
antibody.
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Figure 4 Frequencies of chromatid type aberrations
induced by 15 and 30 cGy x rays in LCL treated three
hours before harvesting.
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detected.7 9 Recently, Stumm et al,10 using a three colour
chromosome painting test, found an increased transloca-
tion frequency in NBS heterozygotes. In our case, a
consistent number of chromosome aberrations in the par-
ents confirms possible chromosome instability in heterozy-
gotes for NBS mutations. Since the chromosomal instabil-

ity is one of the leading causes for developing a malignancy,
our data are compatible with the suggestion that NBS
heterozygotes could also have an increased cancer risk,11

although no malignancy has yet occurred in our patient’s
parents.

The parents of our patient, heterozygous for the same
mutation, are apparently non-consanguineous and were
born in two villages 900 km apart. This may suggest a high
frequency of the new mutation in North African
populations as reported for 657del5 in eastern Europe.

Our data on DNA damage inducing agents indicate a
close similarity between NBS and AT cells in the G2 chro-
mosomal response after irradiation. This is in agreement
with the few published data available on the radiation sen-
sitivity of LCL established from NBS patients.12 13 A higher
number of chromatid aberrations in AT and NBS cells, if
compared with normal cells, might arise as a result of DNA
repair defect or checkpoint dysfunction allowing damaged
cells to proceed from G2 to mitosis. The analysis of G2
checkpoint activation, as evaluated by cell inhibition to
entry to mitosis indicates that after irradiation both NBS
and AT cells are less delayed than normal cells.
Interestingly, this eVect has not been observed in another
four NBS lines with either the 657del5 or private
mutations showing an intermediate response between nor-
mal and AT cells.2 12 13 We found such an intermediate
response in our NBS cell line after incubation with
calicheamycin and this seems to indicate a more specific
sensitivity in checkpoint activation of these cells, compared
to AT ones, in respect to this specific kind of damage.
According to Carney et al14 and Petrini et al,15 nibrin, the
product of the NBS1 gene, is a member of the
hMre11/hRad50 complex involved in dsb repair, by trans-
ducing a signal originating from the sites of DNA damage.
Moreover, a role of this complex in cell cycle checkpoint
activity has been suggested.15 16 According to our and other
published data, the relationship between DNA damage and
cell cycle delay is not so straightforward. In fact, in spite of
their similar chromosomal radiosensitivity, NBS and AT
display strong diVerences in the percentage of G2 accumu-
lated cells after irradiation.12 13 17 Ionising radiation induced
accumulation of p53 and p21, as evaluated at two and four
hours after 400 cGy x rays, appears in this NBS line to be
similar to that observed in normal cells. These observations
are in close agreement with recent reports17–19 showing that
NBS cells, from this point of view, are more similar to nor-
mal cells than to AT ones. In conclusion, our results con-
firm that the radiation mediated response is not identical in
NBS and AT. In particular, the cell cycle response of NBS
clearly diVers from that of AT cells.
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Figure 5 Mitotic delay evaluated in cells harvested two hours after
irradiation with 25-100 cGy x rays (A) or calicheamycin treatment (B).
The mitotic fraction in treated samples was expressed as a percentage of the
mitotic fraction in the same treated cultures.
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Figure 6 Percentage of G2/M phase cells in untreated and
x irradiated cultures harvested 24 hours after treatment.
DNA content was evaluated by propidium iodide staining
and cytofluorimetry.
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Molecular cytogenetic characterisation
of a complex 46,XY,t(7;8;11;13)
chromosome rearrangement in a
patient with Moebius syndrome

EDITOR—Carriers of de novo balanced reciprocal transloca-
tions and inversions have an increased risk of approximately
6% for developing multiple congenital abnormalities
(MCA) and/or mental retardation (MR), compared to a
2-3% risk overall in newborn populations.1 2 Cytogenetically
cryptic deletions or physical disruption or inactivation of a
gene(s) in one or both breakpoint regions may account for
the observed phenotypes.3 4 It seems plausible to assume that
the risk for MCA/MR may be even higher in carriers of de
novo complex chromosome rearrangements (CCRs), which
involve at least three diVerent chromosomes and breakpoint
regions. Extreme cases involving up to seven chromosomes
and 10 breakpoints have been described.5–7 Indeed, most
reported CCRs are associated with MCA/MR.8 9 In
addition, they have been found in infertile men10 and in
women suVering from multiple miscarriages.11 12

The complex nature of CCRs renders karyotype
interpretation by classical chromosome banding alone dif-
ficult. In many cases fluorescence in situ hybridisation
(FISH) will be the best method to delineate the underlying
chromosome rearrangements.7 13 Here we have applied
conventional FISH with chromosome painting probes and
region specific large insert clones, comparative genomic
hybridisation (CGH),14 15 and spectral karyotyping
(SKY)16 17 to an apparently balanced and very complex
rearrangement in a profoundly retarded patient with Moe-
bius syndrome (MBS, MIM 157900).18 MBS is character-
ised by congenital paralysis of the seventh cranial nerve
leading to facial diplegia.19 Other cranial nerves may also be
aVected. In addition, orofacial and limb malformations,
defects of the musculoskeletal system, and MR may occur.

This patient, who has classical Moebius syndrome, has
been reported previously.4 He was the third child born to a
35 year old father and a 32 year old mother. Because of
paresis of the facial muscles as a newborn, he had feeding
problems owing to ineYcient sucking and swallowing. A
more detailed examination at 17 years showed moderate to
severe MR and deficient language development. At this
time, his height was 1.56 m and his weight 39.5 kg (<3rd
centile). Other clinical features included ptosis, blepharophi-
mosis, atrophy of the optic nerve, and severe amblyopia. His
mandible and facial muscles were hypoplastic. His metacar-
pals and metatarsals were short, limiting the mobility of his
hands and feet. The pectoral muscles were hypoplastic.

Q band analysis20 showed an apparently balanced de
novo rearrangement between chromosomes 7, 8, 11, and
13. Breakpoints were assigned to chromosome bands
7q21.1, 8q21.3, 11p14.3, and 13q21.2 (fig 1). CGH did
not detect any chromosomal imbalances (sensitivity: gain
or loss of >10 Mb DNA) in the patient’s karyotype (data
not shown). Since an unambiguous interpretation of the
rearranged karyotype was not possible by classical
chromosome banding analysis, we applied chromosome
specific and region specific FISH probes. A schematic rep-
resentation of our molecular cytogenetic mapping results is
shown in fig 2A.

Simultaneous visualisation of all 24 human chromosomes
in diVerent colours by SKY was very beneficial in dissecting
the patient’s karyotype (fig 2B). It confirmed the involve-
ment of chromosomes 7, 8, and 13 in the CCR. The short
derivative chromosome 7 was painted in its entirety by the
chromosome 7 library. The material distal to 7q21 was
translocated onto the der(8) and the der(13). The segment
of the der(8) distal to 8q21 was translocated onto der(13).
Inversely, the distal long arm 13q21-qter was moved to the
der(8). Thus, the der(8) carried additional material from
both chromosomes 7q and 13q, whereas the der(13) gained
material from both chromosomes 7q and 8q. The chromo-
some 11 rearrangement, which had been suspected after Q
banding, could not be characterised further by SKY. Some
metaphases suggested a small insertion into 11p (data not
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Figure 1 Q(FH) banded karyotype of a CCR with MBS. Breakpoints (arrowheads) were assigned to chromosomes
7q21.1, 8q21.3, 11p14.3, and 13q21.1.

1

6
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Figure 2 Molecular cytogenetic characterisation of a CCR associated with MBS. (A) Ideograms of rearranged chromosomes. On the left, the normal
chromosomes are displayed, on the right, the derivative chromosomes. Arrowheads indicate the position (or presumed position) of the breakpoints. (B)
Spectral karyotype showing the der(7), der(8), and der(13). (C) Metaphase spread hybridised with biotinylated chromosome 13 (green) and
digoxigenated chromosome 7 (red) DNA libraries. (D) Metaphase spread hybridised with chromosome 8 (green) and chromosome 11 (red) DNA libraries.
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shown); however, the chromosomal origin of the inserted
material could not be identified. No other chromosome
showed detectable abnormalities by SKY.

To overcome the decreased resolution of SKY compared
with that of conventional FISH, we performed two colour
FISH experiments with DNA libraries of chromosomes 7
and 13 (fig 2C) and of chromosomes 8 and 11 (fig 2D),
respectively. In addition to the der(8) and the der(13)
detected by SKY, we found an insertion of chromosome 8
material into chromosome 11p14.3 in all metaphases ana-
lysed (fig 2D). Sometimes the chromosome 11 paint
produced a weak hybridisation signal on the long arm of
the der(8) (fig 2D), indicating a reciprocal exchange event
between the der(8) and the der(11) (fig 2A).

To FISH map this CCR in fine detail, we selected region
specific non-chimeric clones from our standard set of, so
far, >2000 cytogenetically and genetically anchored CEPH
YACs. These YACs, on average located at 3 cM intervals
spaced over the entire chromosome complement, can be
adapted with considerable flexibility to the study of
chromosome breakpoints.4 21 YACs 690h8, 808f3, and
929a10 mapped to the normal chromosome 7q21-31 and
to der(13) (table 1). This implies that the proximal part of
7q21-qter, which is missing on the der(7), was translocated
onto der(13), whereas the distal part, 7q31-36, was
presumably translocated onto der(8). Since the subtelo-
meric YAC 965c12 showed signals on both the normal and
the derivative chromosome 7, but not on der(8) or on
der(13), the chromosome 7q end is retained on the der(7).
Interestingly, YAC 941d9 from chromosome 7q21 hybrid-
ised to the short arm of the der(11). This was not seen by
SKY or chromosome painting probes. Taken together, our
results indicate that material from the distal long arm of
der(7) was relocated to three diVerent derivative chromo-
somes, the der(8), der(11), and der(13), involving at least
four breakpoints on chromosome 7 (fig 2A). The chromo-
some 8 material inserted into 11p is highlighted by YAC
662e12 from 8q21.3 (table 1). Thus, the small 11p inser-
tion contains sequences from both chromosomes 7 and 8
(fig 2A). YACs 962g12 and 953h7 map proximal to the
8q21.3 breakpoint and, therefore, hybridise to both the
normal and the der(8). YACs 940h5, 964f4, 942b11, and
765a11 gave signals on the normal chromosome 11p13-15
and on the der(11) (table 1). The breakpoint region on
chromosome 13q21.2 has been studied previously.4 The
breakpoint spanning YAC 882b4 from 13q21-22 produced
a split signal on both the der(13) and der(8).

Autosomal dominant MBS has been linked to markers on
3q21 in a large Dutch family (MBS2, MIM 601471).18 22 To
analyse whether rearrangements involving the MBS2 locus
may be responsible for the phenotype in our patient, a
microdissected DNA library specific for the long arm of

chromosome 3,23 as well as YACs 819b5, 930a7, and 754c8
from the critical region on chromosome 3q21 (table 1) were
hybridised to the patient’s chromosomes. No structural
abnormalities were detected on chromosome 3.

Collectively, molecular cytogenetics showed at least four
breakpoints on chromosome 7, two each on chromosomes
8 and 11 and one on chromosome 13. To our knowledge,
this case represents one of the most complex constitutional
chromosome rearrangements reported: 46,XY,t(7;8;11;13)
(7pter→7q21.1::7q36→7qter;8pter→8q21.3::11p14.3→
11p14.3::7q31→7q36::13q21.2→13qter;11pter→11p14.3
::8q21.3 → 8q21.3::7q21.1 → 7q21.1::11p14.3 → 11qter;
13pter→ 13q21.2::7q21.1→7q31::8q21.3→8qter).

Classical Q, G, or R banding is the screening method of
choice for numerical and structural chromosomal abnor-
malities. However, in some instances, for example, subtelo-
meric24 and other cytogenetically cryptic rearrangements4 25

or CCRs,7 13 chromosome banding techniques alone may
not allow an exact karyotype interpretation and correlation
between genotype and phenotype. This is why FISH has
become an important accessory technique in clinical cytoge-
netics. In this study, we have used state of the art molecular
cytogenetic tools, most importantly SKY and a panel of
region specific YACs, to elucidate a very complex chromo-
some rearrangement, which occurred as a de novo constitu-
tional aberration in a MBS patient. Of course molecular
cytogenetics cannot replace classical chromosome banding,
but it certainly is a very useful complementary strategy.

Q banding identified four rearranged chromosomes.
SKY was able to visualise this CCR in a single
hybridisation experiment and confirmed the involvement
of three chromosomes, 7, 8, and 13. However, it did not
reliably detect the insertion on chromosome 11p, which
contains sequences homologous to YAC 941d9 from chro-
mosome 7 and YAC 662e12 from chromosome 8.
Evidently, this insertion, which altogether extends over at
least 2 Mb, is below the limit of DNA resolution by SKY.
Under optimal experimental conditions, which may be
hard to achieve in a routine laboratory and for all chromo-
somal regions, the resolution of SKY is estimated to be 1-2
Mb (from a single chromosome).16 17 We conclude that
SKY is a very straightforward and fast screening technique
for identifying (most) chromosomes involved in a given
CCR. However, subsequent FISH experiments with chro-
mosome painting probes and region specific YACs are cru-
cial for exact karyotype interpretation. In particular, our
standard set of cytogenetically and genetically anchored
YAC probes allows the rapid and accurate characterisation
of breakpoint regions of interest and of smaller chromo-
some segments involved in CCRs.

Identification of YAC clones spanning disease associated
chromosome breakpoints will greatly facilitate positional
cloning projects in cases where the phenotype is caused by
disruption of a relevant disease gene in the breakpoint
region. We have suggested previously that chromosome 13
may harbour a gene for MBS.4 In addition to the patient
described here, there is a t(1;13)(p34;q13) translocation
segregating in a family with MBS26 and a de novo deletion of
13q12.2 in a girl with MBS.27 Although these chromosome
rearrangements are located proximal to the 13q21 break-
point region of our patient, it is still possible that the same
gene is aVected. The published cases have not been analysed
by molecular cytogenetic techniques, and breakpoint locali-
sation by chromosome banding alone may be inaccurate by
several bands. A second locus for MBS has been linked to
chromosome 3q21.22 However, since this region did not
show detectable rearrangements in the CCR studied, it is not
very likely that the MBS2 gene on chromosome 3 is aVected.
MBS is a very heterogeneous clinical syndrome. In a family
with autosomal dominant MBS, both the MBS1 locus on

Table 1 Localisation of CEPH YACs on the MBS patient’s chromosomes

YAC Size (kb) STS cMpter Patient’s chromosomes

819b5 1200 D3S3548/D3S3514 149 3q21 3q21
930a7 1500 D3S1292/D3S3514 149 3q21 3q21
754c8 1690 D3S3713 150 3q21 3q21
941d9 1790 D7S524/D7S2417 98/99 7q21 der(11)
690h8 1280 D7S554 110 7q21-22 der(13)
808f3 1790 D7S647 112 7q21-22 der(13)
929a10 430 D7S480/D7S685 127/129 7q31 der(13)
965c12 160 D7S550 181 7q36 der(7)
962g12 1520 D8S544 81 8q12-13 der(8)
953h7 1600 D8S279 90 8q13 der(8)
662e12 ND D8S521 115 8q21.3-22 der(11)
940h5 1450 D11S1794/D11S1315 22/23 11p15 der(11)
964f4 1330 D11S1359 33 11p15 der(11)
942b11 1790 D11S904 37 11p14 der(11)
765a11 1780 D11S1322 42 11p13-14 der(11)
882b4 1260 D13S1273/D13S172 49/50 13q21-22 der(8) der(13)

cMpter = distance in centimorgans from the short arm telomere. ND = not
determined.
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chromosome 13q12.2-q13 and the MBS2 locus on chromo-
some 3q21 have been excluded.22 Therefore, a cytogeneti-
cally cryptic deletion or disruption of a gene in a breakpoint
region other than 13q21 may be responsible for the
MCA/MR phenotype of our patient. In this context, it is
interesting to note that an unrelated MBS patient with a
breakpoint on chromosome 11p13 has been described.28

Therefore, the 11p insertion may be the chromosome rear-
rangement underlying the disease in our patient. Of course,
we also cannot exclude the possibility that MBS/MR may be
associated with the observed CCR by chance or be caused
by a non-genetic mechanism.19

More than 100 CCRs have been described so far. With
the advances in FISH and multicolour techniques, it has
become possible for the first time to study even very com-
plex cases in detail. Overall many CCRs may be even more
complicated than suggested by classical chromosome
banding. Interestingly, CCR breakpoints are not randomly
distributed throughout the entire chromosomal comple-
ment, but appear to be clustered in certain chromosome
regions. In particular, the 7q21, 8q21, and 11p14 regions,
which are involved in our patient’s CCR, seem to be prone
to chromosome breakage. In a recent survey of 100 CCRs,
nine breakpoints were found in 18q21; seven each in 3q13
and 7q22; six in 5p13, 7q11, and 8q22; five in 1p22, 1q42,
3p13, 7q21, 9p24, 11q14, and 21q21; four in 1p13, 2q13,
2q21, 2q33, 3p11, 3q26, 7q31, 8p23, 8q13, 8q24, 11p15,
13q32, 21q11, and 21q22; and three in 1q21, 1q32, 2q22,
2q23, 3p23, 5p14, 5q15, 6p21, 6q27, 7p14, 7q36, 8q21,
9q22, 9q32, 10p12, 10q11, 10q22, 11p14, 11p13, 11q13,
11q21, 12p13, 12q22, 12q24, 13q14, 15q22, and 21p11.8

This breakpoint clustering is probably not the result of
ascertainment bias, but suggests the existence of chromo-
somal “hot spots” involved in complex rearrangements.
The molecular mechanism(s) underlying frequent break-
age remains to be elucidated.

A significant proportion of disease associated chromo-
some breakpoints involve submicroscopic deletions of sev-
eral megabases of DNA.4 25 Considering the complex
nature of the CCR described, excluding microdeletions in
one or several of the breakpoint regions involved by high
resolution FISH mapping alone will be a very time
consuming or even impossible task. Only miniaturisation
and automation of techniques will allow one to screen the
entire genome in a reasonably short time for cytogeneti-
cally cryptic (unbalanced) rearrangements. However, with
the development of CGH of patient and reference DNAs
on microarray DNA chips,29 30 this goal seems to be within
reach and a new era in the analysis of chromosome disor-
ders has begun.
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Use of a set of highly polymorphic
minisatellite probes for the
identification of cryptic 1p36.3
deletions in a large collection of
patients with idiopathic mental
retardation

EDITOR—Mental retardation is a component of a large
number of syndromes, most of which qualify individually
as rare genetic diseases. Altogether, mental retardation
aVects 2-3% of the population and is unexplained in 40%
of cases. According to Knight et al,1 subtle telomeric chro-
mosomal rearrangements are responsible for approxi-
mately 1% of unexplained mental retardation (with the
proportion being highest, 7.4%, in the subclass of
unexplained moderate to severe mental retardation). The
identification of the genes responsible will require the pre-
cise delimitation of minimum deletion regions, which relies
upon the collection of a large number of cases. Because of
the low expected frequency of each telomeric deletion in
mental retardation, the procedure to be applied should
allow the screening of many patients at a low cost.

It is not yet clear whether all chromosome ends are asso-
ciated with mental retardation syndromes with similar fre-
quency. Distal chromosome 1p36 deletions were initially
detected cytogenetically because of an associated segmen-
tal imbalance.2–5 This syndrome results from both intersti-
tial and terminal deletions of varying sizes and diVerent
breakpoints6 and the severity of the phenotype is related to
the extent of the deletion.7 Clinical examination can
eYciently detect a large proportion of cases, so that the
number of reports of 1p36 deletions has increased signifi-
cantly in the past few years which may give the false
impression that this is a relatively frequent syndrome.

We show here how highly polymorphic minisatellites
located within a short region can provide an eYcient pre-
screening of samples without the need for parental samples
at the initial stage. The procedure was tested here using
1p36 minisatellites and provides an estimate of the
frequency of 1p36 deletions in mentally retarded patients.
A selection of five highly polymorphic minisatellite probes
was used to search for 1p36.3 deletions in a collection of
567 patients with mental retardation. Three patients show-
ing a single allele at all five loci were identified and in each
case segmental 1p36 aneusomy was confirmed by in situ
hybridisation. The physical extent of each deletion was
determined by analysis of additional markers. In two cases,
the parental origin of the deletion could be determined,
one is maternal and the other is paternal. Analysis of band
intensity of samples showing a single allele at two or more
contiguous minisatellite loci ruled out the possibility of
shorter deletion in this collection of patients. These data
and earlier investigations suggest that 1p36.3 deletions
account for as much as 0.5-0.7% (96% confidence interval
0.15-1.2%) of idiopathic mental retardation.

All participating families gave informed consent to the
search for a genetic abnormality which might explain the
condition of their child. Most DNA samples (469/567)
were initially collected and extracted in the course of a
search for the fragile X. All patients showed a normal rou-
tine karyotype.

DNA was extracted from blood collected on EDTA
essentially as described by Jeanpierre.8 Five µg of DNA

were digested with AluI (Boehringer Mannheim), electro-
phoresed through a 1% agarose gel, and transferred to
nylon membranes (Nytran+, Schleicher and Shuell) under
vacuum (Pharmacia Biotech).

Minisatellite DNA inserts were [32P]dCTP labelled by
random priming9 and hybridisation was done at 65°C as
previously described.10 The minisatellites used in this study
(CEB66, B4, CEB42, CEB108, CEB15, CEB88, CEB37,
UPS2, CEB20, CEB55, and CEB121) were isolated
essentially as previously described.10–13 CEB66, B4, and
CEB42 minisatellites are located at 13q34, Xpter, and
8q24 respectively. CEB66 and B4 are monomorphic and
were used when necessary as controls for DNA quantifica-
tion. The highly polymorphic CEB42 probe was used to
confirm parentage. The other loci have been previously
assigned to 1p36.3 by FISH and segregation analysis.12–15

All probes used in this study have been used in linkage
mapping in the CEPH families and no evidence for de
novo deletion, trisomy, or UPD in the DNA extracted from
lymphoblastoid cell lines (more than 500 subjects) was
found.

Microsatellites were purchased from Research Genetics.
One primer was kinased with ã[33P]dATP (Isotopchim) as
recommended by the manufacturer (kinase from New
England Biolabs). PCR reactions were performed as previ-
ously described16 using a Perkin-Elmer GeneAmp PCR
system 9600. PCR products were separated on 6%
polyacrylamide/urea gels. The gel was dried after transfer
onto a Whatman 3MM paper and exposed to an RX Fuji
film.

Segregation data in the CEPH families were managed
using the GENBASE software developed by Jean-Marc
Sebaoun at CEPH.17 Analyses were done using the
CRIMAP version 2.4 package.18 Minisatellites were typed
on the 40 CEPH families by Southern blotting. Meiotic
breakpoint analysis was further assisted by the software
described by Attwood and Povey.19 Microsatellite genotyp-
ing data on the eight CEPH families were recovered from
the CEPH database at http://www.cephb.fr. Microsatellite
typings on the remaining 32 CEPH families were done to
increase the mapping resolution. In order to reduce typing
eVort, only key recombinant subjects were typed, together
with the two parents and appropriate grandparents as out-
lined in Cox et al.20 All genotyping data generated in the
course of this project can be recovered from CEPH at
http://www.cephb.fr/.

Chromosome preparations were made from peripheral
blood samples or lymphoblast cultures by conventional
methods. Karyotyping with RBG banding was performed
at the 550-850 band level according to standard methods.
Alternatively, high resolution R banding was obtained by
introduction of 5-bromodeoxyuridine (BrdU) for 51⁄2
hours in cell cultures after thymidine synchronisation.21

Cosmid DNA was labelled with digoxigenin 11dUTP
using the Dig-Nick translation kit from Boehringer
Mannheim Inc. One hundred ng of the resulting
digoxigeninylated DNA were preannealed with 2.5 µg of
cot I DNA (Gibco BRL) in a total volume of 10 µl hybridi-
sation mix (50% formamide, 2 × SSC, 10% dextran
sulphate) for 30 minutes at 37°C. Hybridisation to the
previously denatured chromosomes was done overnight at
37°C. Post hybridisation wash was carried out at 72°C in 2
× SSC for five minutes. Probe detection was performed
with antidigoxin conjugated fluorescein isothiocyanate
(FITC, Sigma). Slides were mounted in antifade solution
(Vectashield, Vector Laboratories) containing 4',
6-diamidino-2-phenyl lindole (DAPI) as a counterstain.
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Slides were analysed using a Zeiss Axioskop microscope
equipped with a Pinkel filter set for visualisation of FITC
and DAPI fluorescence. Digital images were recorded with
a Photometrics cooled CCD camera. Pseudo colouring
and merging of image were done with the Mac Probe 3.3
software.

Because most markers used here are highly polymorphic
and because genetic distances are usually largely inflated
towards chromosome ends (in the order of 100
kilobases/cM ratio in male meiosis), linkage mapping using
the CEPH families panel was used as an eYcient way of
ordering the loci and inserting them into the Genethon
microsatellite reference map.16 Table 1 shows the deduced
integrated map. Almost all minisatellites used here
surround the two most distal markers on the Genethon
map (D1S243 and D1S468). A single RPCI6 PAC
contains both CEB88 and CEB37, and UPS2 was
recovered from a PAC positive for CEB37 (data not
shown). Consequently, it is very likely that loci unseparated
by crossover in the 40 CEPH families (and listed in an
arbitrary order in table 1, D1S243 and D1Z2, D1S468 and
CEB20) are separated by less than a few tens of kilobases.
The radiation hybrid mapping data available at http://
www.sanger.ac.uk suggest a 13 cR distance between
D1S243 and D1S2694 (out of a total of 818 cR and 263
Mb for chromosome 1), which would then roughly convert
into a maximum estimate of 4.2 Mb for the D1S243-
D1S2694 interval (including 1 Mb for the D1S243-
D1S468 interval).

DNA samples from 567 patients were screened by
Southern blot analysis using five minisatellite probes
(CEB108, CEB15, CEB88, CEB37, UPS2). Of these,
20.3%, 11.6%, 7.2%, 32.8%, and 21.9% of patients had
only one allele at CEB108, CEB15, CEB88 , CEB37, and
UPS2 loci, respectively (table 2). Sixteen (2.8%), seven
(1.2%), 20 (3.5%), and 42 (7.4%) patients displayed a sin-
gle band at the pairs of contiguous loci CEB108/CEB15,
CEB15/CEB88, CEB88/CEB37, and CEB37/UPS2, re-
spectively. Four (0.7%), six (1%), and nine (1.6%) patients
displayed a single band for three adjacent probes
(CEB108/CEB15/CEB37, CEB15/CEB88/CEB37, and
CEB88/CEB37/UPS2 respectively). Three patients
showed a single allele at CEB108/CEB15/CEB88/CEB37
and four at CEB15/CEB88/CEB37/UPS2. Three patients
(0.5%) showed a single allele at all five loci. Band intensi-
ties in subjects showing a single allele for at least two con-
tiguous loci were then analysed (data not shown). This
required that the amount of DNA loaded in each lane was
quantified precisely. For this purpose, two monomorphic
minisatellites derived from other chromosomes were used.
CEB66 is a minisatellite from 13q34 giving a 2.9 kb allele
on AluI digests of human DNA samples. B4 is derived from

the XpYp pseudoautosomal region and gives a constant
1.2 kilobase AluI fragment.11 This analysis indicated that
only the three patients showing a single band for all five loci
are likely to be hemizygous. The deletion was confirmed in
all three cases by FISH. Patient 2 is deleted for CEB108,
CEB15, CEB88, CEB55, and CEB121 (14.2 cM) and not
deleted for FO525 (17.4 cM). The minisatellite alleles of
patient 2 corresponded to one of the paternal alleles, sug-
gesting that the deletion is of maternal origin (DNA sam-
ple from the mother was not available). Patient 3 is deleted
for CEB121 (cosmid Icrf c112-J06107) and for cosmid
F0525 (locus D1S2694) (table 1) and has the largest dele-
tion. The parents could not be studied in this case.

Owing to the accessibility of DNA from the parents, the
deletion origin and size of patient 1 could be analysed in
more detail. The deletion is a de novo deletion of paternal
origin and ends between CEB55 (10 cM) and D1S2660
(12.8 cM) (table 1).

Patient 1 is the second child of unrelated parents with no
particular family history. She was born at 41 weeks of ges-
tation after an uneventful pregnancy. She weighed 3060 g;
her length and OFC were 49.5 cm and 34 cm, respectively.
The first months of life were marked by severe hypotonia.
Development and growth were delayed; she sat at 10
months and walked at 30 months. At 31⁄2 years, there was
moderate growth delay; weight, length, and OFC were 10.3
kg (−3 SD), 93 cm (−1 SD), and 47 cm (−2 SD), respec-
tively. Mild facial dysmorphic features were noted, includ-
ing a triangular face, pointed chin, flat nasal bridge, broad
forehead, small, low set, and posteriorly rotated ears, thin,
horizontal palpebral fissures, deep set eyes, moderate
epicanthic folds, and convergent strabismus. Eye examina-
tion was normal (fig 1A, B). Small fifth digits and hallux
valgus were noticed. No other visceral malformation was
found. Mental retardation was severe and at 31⁄2 years, her
development was equivalent to 18 months with a total lack
of speech but without impairment of hearing or vision. She

Table 1 Integrated linkage map and extent of the deletion in the three patients

Marker name D number (accession number)
Het (%)
CEPH families

Physical distance from
telomere (in centirads)

Genetic distance from telomere
(in centimorgans) Patient 1 Patient 2 Patient 3

CEB108 NA 94 0.2
CEB15 D1S172 (AL096805) 100 0.8
AFM214yg7 D1S243 86 13.58 2.6
p1-79 D1Z2 70 2.6
CEB88 D1S338 97 6.3
CEB37 D1S337 87 7.2
UPS2 D1S337 75 7.4
AFM280we5 D1S468 75 16.94 7.8
CEB20 D1S173 75 7.8
CEB55 D1F101S2 59 10 D
AFM344we9 D1S2845 84 11.1 NI
AFMa203yc1 D1S2660 78 12.8 Normal
CEB121 NA 77 14.2 D
FO525 D1S2694 (AJ001151) 78 17.4 Normal D

D=deleted. NI=not informative. Normal=not deleted. NA=none assigned. The five highly polymorphic minisatellites used in the screening are italicised. CEB121 and
Genethon microsatellite markers D1S2795, D1S2633, and D1S214516 cannot be ordered by linkage analysis in the 40 CEPH families. FO525 (accession number
AJ001151) is physically linked to Genethon marker D1S2694.

Table 2 Number and frequency of subjects showing a single allele for
diVerent combinations of minisatellites. The probes are ordered from the
most distal (CEB108) to the most proximal (UPS2). The values along the
diagonal indicate the total number of subjects showing a single band (and
percentage) for each probe. The values given below the diagonal indicate
the number of samples showing a single band for all probes in the interval
(for example, 4 in the CEB108-CEB88 cell indicates that four DNA
samples show a single band for CEB108, CEB15, and CEB88). The
values given in brackets indicate the corresponding percentage

Probes Ceb108 Ceb15 Ceb88 Ceb37 UPS2

Ceb108 115 (20.3%) 2.8% 0.7% 0.52% 0.52%
Ceb15 16 66 (11.6%) 7% 1% 0.7%
Ceb88 4 7 41 (7.2%) 1.2% 1.6%
Ceb37 3 6 20 186 (32.8%) 3.5%
UPS2 3 4 9 42 124 (21.9%)
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spoke her first words at 41⁄2 years and said two words
together at around 51⁄2 years. There was no self-mutilation
or behavioural diYculties. Magnetic resonance imaging of
the brain was normal.

Patient 2 was referred at 5 years for evaluation of mental
retardation. He was born to a healthy, non-consanguineous
17 year old mother and 21 year old father at 42 weeks of
gestation. The mother has a normal boy from another
union. Family history and pregnancy were unremarkable.
Apgar score was 10/10. At birth, weight was 3540 g, height
50 cm, and OFC 37 cm. As a neonate, he was noted to have
an unusual facial appearance with frontal bossing and a
large anterior fontanelle (closed at 21⁄2 years). He had
myoclonic seizures in the neonatal period. The patient had
severe developmental delay with hypotonia, he sat at 2
years and stood at 3 years, and had no acquisition of
language. Behavioural problems included waking during

the night, self-injurious manifestations, and autistic behav-
iour. He had postnatal growth retardation with a weight of
12.3 kg at 4 years and 16 kg at 5.5 years (10th centile) and
a height of 90 cm at 4 years and 100 cm at 51⁄2 years (<3rd
centile). On physical examination, he had facial dysmor-
phism with a narrow forehead, deep set eyes, high nasal
bridge, long philtrum, everted lips, low set ears with thick-
ened helices, and a pointed chin (fig 1C). OFC was 49 cm
(3rd centile). The hands and feet were short with 5th fin-
ger clinodactyly and overlapping toes. He had scrotal
hypoplasia and divergent strabismus with a left iris
coloboma and chorioretinal atrophy. Audiological testing
and cardiac ultrasound were normal. Brain MRI showed
mildly enlarged lateral ventricles and a thin corpus
callosum. Metabolic screening was negative.

Patient 3 was referred at 5 years because he was
suspected of having fragile X syndrome. He was born to
healthy, non-consanguineous parents (25 year old mother)
at 35.5 weeks of gestation. At birth, weight was 2700 g,
height 46.5 cm, and head circumference 32 cm. During the
neonatal period he had severe hypotonia. The boy was 14
months old when the first karyotype was studied. No dys-
morphic features were mentioned except an open mouth.
At 5 years, developmental delay was obvious and a second
chromosome study was performed. At this age, weight was
21 kg and head circumference 48 cm (normal for age). The
boy was able to say some words; he had marked instability
without aggressive behaviour. Facial dysmorphic features
were hypertelorism, deep set eyes, epicanthic folds, and
convergent strabismus with slight ptosis. The ears were
very large, sticking out, and posteriorly rotated. He had a
narrow face with bitemporal narrowing (fig 1D, E). The
mother had two normal children from another husband.
She had 10 brothers and sisters out of which two brothers
were not able to read or write. One was deaf and mentally
retarded. One of the sisters had five children. Among them,
one boy had learning disabilities. No information was
available regarding the paternal family.

One important purpose of the present work was to
develop a technological approach able to detect eYciently
a cryptic chromosome deletion present at a very low
frequency in large collections of patients, in the absence of
DNA from the parents. We show here how Southern blot-
ting and highly polymorphic minisatellites are one way to
achieve this goal.

DNA samples from 567 patients were investigated. A
deletion was suspected if the DNA showed only one band for
at least two contiguous minisatellites. Such samples were
then examined by comparing band intensities to distinguish
between homo- or hemizygosity. Variations in DNA loading
were estimated by using as controls two monomorphic
minisatellites located on other chromosomes which were
probed on the same membranes. Only three suspect samples
were confirmed after this analysis. The three patients showed
a single band at all five minisatellite loci and all three
suspected deletions were subsequently confirmed by FISH.
The deletion in patient 1 was of paternal origin and the
deletion in patient 2 of maternal origin. The parents of the
third case were unavailable for analysis. Phenotypic diVer-
ences reflect the varying size of the deletion in good
agreement with previous reports.6 7 In particular, the
deletion in patient 1 with severe mental retardation encom-
passes interval D1S243-D1S468 (table 1), which has been
suggested to contain a gene for cognition, and is comparable
to patients 21 to 2 in fig 3 of Wu et al.6

Taking into account a previous report,15 four cases of
1p36 deletion were identified among 666 patients, suggest-
ing that 1p36 deletion is responsible for 0.5-0.7% of idio-
pathic mental retardation (according to the Poisson distri-
bution, 96% confidence interval 0.15-1.2%). Assuming

Figure 1 (A, B) Patient 1 aged 4 years. (C) Patient 2 aged 51⁄2 years.
(D, E) Patient 3 aged 5 years.
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that 40% of mental retardation is unexplained and that
2-3% of the population is aVected by mental retardation,
1p36 deletion would aVect between 1/10 000 and
1/100 000 newborns, in reasonably good agreement with
earlier estimates (1/10 0006). All three cases identified here
belong to the class of patients with moderate to severe
impairment.

The precise definition of mental retardation phenotypes
and the identification of candidate genes for mental retar-
dation syndromes require that minimum deletion regions
are defined as precisely as possible. The precision achieved
depends to some extent upon the number of cases identi-
fied. Because the phenotype associated with a given
syndrome is deduced directly from the minimum region
defined at a given time, screening relying on phenotype
only may miss patients with smaller deletions associated
with a milder phenotype (as shown in Wu et al6 for the sub-
class of most distal 1pter deletions). However, large scale
screening of patients for whom no diagnosis can be
obtained raises many technical diYculties. Owing to the
recent definition of the syndrome, and diVusion of this
knowledge to clinicians, the majority of 1p36 deletions will
now be detected by clinical examination. This implies that
the relative frequency of, in this case, 1p36 deletions within
unexplained mental retardation will decrease, and this will
further enhance the need for low cost procedures in order
to identify these rare, but potentially highly informative,
minimally deleted patients.

Such procedures should not necessitate parental samples,
at least for the first screen, since practice shows that this
strongly diminishes the eYciency of any such approach and
multiplies the costs. The recent availability of a telomeric
probe panel has opened the way to relatively large scale
screening (in the order of a few hundred subjects) for telom-
eric rearrangements.1 However, the associated cost will
probably limit the application of such procedures to patients
with moderate to severe mental retardation representing
approximately only 10% of all mentally retarded patients. In
addition, in such a procedure, a single telomeric locus is
usually assayed whereas interstitial deletions associated with
the 1p36 syndrome have been reported.6

In this work, we present a first step towards an alternative
approach enabling large scale screening at a lower cost.
The procedure takes advantage of highly informative mini-
satellite probes and analyses DNA samples by Southern
blotting. Here it was applied to 1p36 because, at present, it
is one of the chromosome ends for which a suYcient
number of appropriate minisatellites was available.12 This
limitation should be removed in the near future as larger
parts of the human genome sequence are produced. Mini-
satellites cluster at a high density towards chromosome
ends,11 so it is expected that the necessary minisatellites will
become available for any given human chromosome end
(http://minisatellites.u-psud.fr/). Once the Southern blots
have been produced, they are readily available for multiple
hybridisation, owing to the fact that minisatellite probes
usually provide very strong signals. Consequently, the data
produced (DNA quantification) while screening one chro-
mosome end is subsequently of use for other chromosome
ends.
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A transmitted deletion of 2q13 to
2q14.1 causes no phenotypic
abnormalities

EDITOR—An imbalance of genetic material, especially
monosomy, will usually give rise to an abnormal pheno-
type. A few instances of proximal 2q deletions have been
published, but previous cases (q12-q14,1 q12-q14.2,2 q14-
q213 4) have been associated with clinical features such as
mental retardation, facial dysmorphism, heart defects, and
renal and digital anomalies.3 We ascertained an interstitial
deletion of chromosome 2 at q13-q14.1 (fig 1) in a
clinically normal G6, P2, SAB3 woman aged 38. She had
been referred for chromosome analysis following three
successive miscarriages at 81⁄2, before 11, and at 7 weeks’
gestation. Her current pregnancy was chromosomally nor-
mal at amniocentesis and continuing at 26 weeks. Testing
of her two previous children was not being pursued at the
time of writing. This deletion was subsequently found to
have been transmitted by her G2, P2 mother who had no
associated phenotype nor history of miscarriages. Cyto-
genetic analysis at the 600 band level failed to detect a sub-
tle insertional translocation of the missing material
elsewhere in the genome and the partners of both mother
and daughter had normal karyotypes. Here we have
attempted to define the extent of this deletion and thereby
the degree of euchromatic loss using fluorescence in situ
hybridisation (FISH).

Whole chromosome 2 paint (Cambio) corroborated our
cytogenetic results in that no fluorescent signal was
detected outside the two chromosomes 2 to account for the
missing bands at 2q13-q14.1. To exclude an intrachromo-

somal insertion and to help identify the loci most proximal
and distal to the deletion, a range of eight YACs (YAC
Screening Centre, Milan) spanning proximal 2q were
applied (table 1). At least five metaphases in either the
proband or her mother were scored for a positive signal at
each of these loci along with control probes at either the
centromere (D2Z1) or distal to the deletion at 2q21
(845f5).

Results showed that both proximal 2q14 YACs 786a12
and 817b4 were deleted from the abnormal chromosome 2
(fig 2), while the distal 2q14 YACs 679d2 and 821h9 were
retained. We conclude, therefore, that consistent with our
findings from G banded analysis, the proximal region of
2q14 is absent. Hybridisation with the 2q13 YAC 791f4
produced a signal on both homologues, but one signal was
frequently reduced in size. To confirm a partial deletion of
this YAC, we carried out dual colour FISH in which YAC
791f4 was detected using texas red and one of the known
deleted YACs with fluorescein (786a12). This showed that
the reduced signal was consistently associated with the
deleted homologue (fig 3). Semiquantitative FISH5 in a
series of 10 cells showed that the signal from the partially
deleted YAC was only 0.48 times (95% CI 0.32-0.72) that

Figure 1 Chromosome 2 with deletion indicated by bracket. G banded
partial karyotype (left) and ideogram (right).

2 del(2) 2

Table 1 Details of YAC for FISH

YAC
name*

Database
location*

Laboratory
location† STS No*

Distance from
short arm
telomere (cM)* FISH result

636b10 q12-q13 q12-q13 D2S135 120 Normal
791f4 q13 q13 D2S1895 128 Partially deleted
817b4 q14 q14.1 D2S308 129 Deleted
786a12 q14 q14.1 D2S363 130 Deleted
679d2 q12-q14 q14.3 D2S110 135 Normal
821h9 q14 q14.3 D2S347 136 Normal
845f5 q12 q21 D2S1888 126 Normal
774a5 q35 q21 D2S112 146 Normal

*Data from the Max Planck Institute website.18

†Based on test and patient sample results.

Figure 2 FISH metaphase with YAC 786a12 (red signal) and the
alphoid chromosome 2 centromere probe (green signals). Hybridisation was
absent on the deleted chromosome, as indicated by the white arrow.
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of the signal from the normal homologue. All other YACs
hybridised to both homologues without significant diVer-
ential signal strength. Thus, this deletion extends from a
proximal 2q13 breakpoint within YAC 791f4 to a distal
2q14.1 breakpoint within the 5 cM interval between YACs
786a12 and 679d2. The karyotype of the daughter can be
summarised as 46,XX,del(2)(q13q14.1)mat.ish
del(2)(q13q14.1) (D2Z1+, D2S135+, D2S1895 dim,
D2S308-, D2S363-, D2S110+, D2S347+, D2S1888+,
D2S112+, wcp2+).

In this family, therefore, a deletion of 2q13-q14.1
confers no phenotypic eVect despite spanning a region of
approximately 4.5-6.0 Mb (estimated from a haploid auto-
somal length of 0.15-0.20%). To date, asymptomatic
transmitted deletions of at least eight distinct regions of the
human genome have been reported6–13 and this family pro-
vides a ninth example. Several theories have been
postulated to account for the lack of phenotypic conse-
quences. These include the late replication,6 7 9 12 low gene
density,14 15 or non-essential DNA content of G dark
bands,6 7 9 14 16 and haplosuYciency or dosage compensa-
tion of hemizygous loci.6 7 9 14 16 In our case, the size of the
deletion is consistent with partial loss of G light 2q13
proximal to G dark 2q14.1 and, therefore, it is unlikely that
the deleted material consists of entirely non-essential, non-
coding DNA. On the other hand, it is known that 2q12-14
is not gene rich.15 Indeed, Saccone et al15 describe R bands,
with the exception of telomeres, as generally containing a
moderate/low gene density (only 9% of R bands have a
high gene content). In accordance with this, very few
known genes lie within 2q13-q14. The inhibin beta chain
precursor and interleukin-1 receptor antagonist protein
precursor genes are located somewhere between 129 and
134 cM from the p telomere of chromosome 2,4 17 which
roughly corresponds to the maximum extent of the
deletion from 128 cM (YAC 791f4) to 135 cM (YAC
676d2).

Evidence that this region contains material of genetic
significance is suggested by a cytogenetic case previously
ascertained in this laboratory; an apparently identical, but

de novo, partial deletion of band 2q14.1 was found in a
girl of 16 referred with developmental delay, a cleft palate,
and facial features suggestive of 22q11 deletion syndrome.
A 22q11 deletion was excluded by FISH. There are at
least three possible explanations for the contrast between
the de novo and transmitted deletions. First, the deletion
could be coincidental to the phenotype in the de novo
case. Second, the phenotype associated with deletions of
2q13 to 2q14 may extend into the normal range. Third,
these deletions may be cytogenetically identical but diVer
in breakpoint location and extent at the submicroscopic
level. Unfortunately, no further material has been
available with which to test the extent of the deletion in the
de novo case with the same set of probes used in this
report. Consequently, it has not been possible to explore
further why a deletion associated with deleterious eVects
in one person is stably transmitted from one generation to
the next in a family with no discernible phenotypic conse-
quences.

We should like to thank Heather Reed for referring this family and providing
additional information on their obstetric history. We also acknowledge John
Crolla for his help with this project, Sarah Beal for preparing YACs and control
probes for FISH, Nikki Savage for analysis of the de novo 2q deletion, Christine
Joyce and Andrew Fisher for their help in the preparation of this report, Mark
Redford for his assistance with the illustrations, and Judy Gladding for prepar-
ing the manuscript.
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Figure 3 FISH metaphase with YACs 791f4 (red signals) and 786a12
(green signals). 786a12 is absent and 791f4 signal strength reduced on the
deleted chromosome, as indicated by the white arrow.
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Keratosis pilaris/ulerythema
ophryogenes and 18p deletion: is it
possible that the LAMA1 gene is
involved?

EDITOR—In 1994, we reported a 13 year old patient with
18p deletion and ulerythema ophryogenes and keratosis
pilaris.1 We then suggested that this observation may be
helpful in future attempts to localise the gene defect
responsible for follicular genokeratoses, even though simi-
lar skin lesions have been reported in a number of patients
with various chromosomal disorders, including sex chro-
mosome aneuploidies. Remarkably, in addition to the
report by Horsley et al,2 two further observations of this
association were recently reported.3 4 This confirmed the
presence of a true association and prompted a further look
into the material that we obtained from the biopsy of our
patient,1 searching for possible genes localised in the dele-
tion area that may have a role in the pathogenesis of kera-
tosis pilaris or ulerythema ophryogenes.

Indeed, the human laminin á1 chain is encoded by an
approximately 9.5 kb mRNA transcribed from the LAMA1
gene, which is located on human chromosome 18p11.3,5 6

an area included in our patient’s deletion. Laminin á1
chain is one of the three chains of laminin 1 (á1â1ã1) and
laminin 3 (á1â2ã1).7 Laminin 1 is present in a pattern
encircling the embryonic spinal cord and is ubiquitously
expressed in epithelium and endothelium, whereas laminin
3 is found at the ventromedial surface of the developing
cord and is expressed in neural synapses.8 Broad
immunolabelling of the laminin á1 chain has also been
detected in the basement membrane of the serous and

mucous acini and of the intercalated, striated, and
excretory ducts of the human salivary gland.9 In addition,
laminin 1 was found involved in acinar formation of a
human submandibular gland cell line.10

We used an antibody that identifies the human laminin
á1 chain, as previously described,9 and stained our
patient’s tissue.1 Indeed, laminin á1 chain was totally
absent from vessels, adnexal structures, and dermal nerves
in the patient’s skin (fig 1). In addition, sebaceous glands
were not present in the involved skin areas.

It is unclear whether the lack of expression of LAMA1 in
our patient has a causal association with his cutaneous
clinical findings or it is an epiphenomenon. Other patients
with keratosis pilaris or ulerythema ophryogenes have not
been studied for LAMA1 expression, and such biopsies
were not available to us for the present study (the control
presented in fig 1 is from a patient with normal skin find-
ings). Our patient is presumably haploinsuYcient for
LAMA1; thus, some level of expression of that gene should
have been seen. HaploinsuYciency for LAMA1 could not
have caused the genodermatosis of our patient, unless the
formation of the trimeric laminin 1 is disturbed in the
presence of deficient synthesis of the á1 chain. It is also
possible that the deletion unmasked a recessive mutation
by the loss of the wild type allele in the deleted part of
chromosome 18, as suggested by Nazarenko et al4 for other
genes in the area. Another possibility is that of imprinting
of the normal LAMA1 allele; the gene is indeed located in
an area of chromosome 18 that has been associated with
non-Mendelian features in inherited bipolar disorder.11

Although it is diYcult to implicate directly LAMA1 in the
pathogenesis of keratosis pilaris/ulerythema ophryogenes,
the findings in our patient should prompt further
investigation of the direct or indirect role of LAMA1 in
these diseases.

Figure 1 Regular expression of laminin (á1 chain) (A) in vessels and adnexal structures and (C) in a dermal nerve in
normal skin (control). Lack of laminin (á1 chain) expression (B) in vessels and (D) in a dermal nerve in patient’s skin.
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We conclude that observations made by us1 and Horsley
et al2 were recently confirmed by others.3 4 There seems to
be an association between keratosis pilaris/ulerythema
ophryogenes and partial monosomy of chromosome 18.
This association indicates the presence of gene(s) in the
18p area that regulate follicular keratinisation and
formation of sebaceous gland structures. Laminin á1 defi-
ciency may oVer a direct or indirect explanation for these
abnormalities; however, other gene(s) in the area should be
investigated, too.
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Molecular characterisation of a
proximal chromosome 18q deletion

EDITOR—Deletion of the proximal end of 18q is uncommon.
It has been associated with mild facial dysmorphism, hypo-
tonia, ataxia, seizures, mental retardation, and behavioural
abnormalities. Phenotypic variability has been noted. We
describe a 4 year old boy with del(18)(q11.2q12.2), defined
by G banding, comparative genomic hybridisation (CGH),
and molecular genetic analysis. The typical facial dysmor-
phism was absent, but he did manifest hyperactivity,
distractibility, and moderate mental retardation. This patient
falls into the milder end of the spectrum of phenotypes asso-
ciated with proximal 18q deletions. His case emphasises the
value of performing cytogenetic analysis in children with
mild global developmental delay and behavioural problems
without dysmorphism. This report represents the first
molecular characterisation of chromosomal breakpoints in a
proximal 18q deletion case.

Proximal 18q deletion is uncommon, but is associated
with a recognisable phenotype and pattern of behaviour.1–8

Dysmorphic features include prominent forehead, short
nose, midfacial recession, deep set eyes, and high arched
palate. There is also an association with ataxia and a risk of
seizures. Moderate to severe mental retardation in
association with hyperactivity, distractibility, and aggressive
behaviour is commonly described. A number of authors
have suggested that proximal deletion of 18q represents a
distinct clinical entity, although there is some degree of
phenotypic variability in previously reported proximal
chromosome 18q deletion cases.1 2 4 The phenotypic
variability could be the result of subtle diVerences in the
chromosomal breakpoints. The proximal chromosome 18q
region at a 550 band resolution contains two identical dark
G bands, q12.1 and q12.3, making precise delineation of
the deleted region diYcult. Authors must often define the
deleted region as either q12.1 or q12.3.

We present here the clinical details of a de novo
del(18)(q11.2q12.2) case to define further the range of
variability in phenotypes for deletion of the proximal end of

chromosome 18q, as well as to provide more precise defi-
nition of chromosomal breakpoints.

A 4 year old boy was referred for evaluation of global
developmental delay and behavioural problems. He is the
second child of healthy unrelated parents and there is no sig-
nificant family history. Birth was at term by normal delivery.
There was a transient neonatal stridor. Recurrent otitis
media and upper respiratory infections necessitated bilateral
grommet insertion, tonsillectomy, and adenoidectomy. Five
febrile convulsions occurred between 2 and 3 years of age.

There was significant axial hypotonia during the first
year. Developmental milestones were delayed in all areas.
The patient did not sit up unsupported until 10 months
and walked at 2 years. Physical examination at 3 years
showed clumsiness without any neurological signs. EEG
was normal. A single palmar crease was noted on the right
hand and an extra transverse crease was noted on the left
hand. No facial dysmorphism was noted. Language devel-
opment was delayed and he did not speak phrases until the
age of 3 years. There were behavioural diYculties including
poor concentration and hyperactivity. Distractibility and
learning diYculties were noted in pre-school. Formal cog-
nitive assessment using the Stanford-Binet Intelligence
Scale (4th edition) showed a full scale IQ of 61 across four
areas of verbal reasoning, abstract/visual reasoning,
quantitative reasoning, and short term memory. This may
have been an underestimate of his true potential because of
limited cooperation. At 5 years he attends a special school.

G band cytogenetic evaluation showed an apparent
deletion of the proximal end of the q arm of chromosome
18, karyotype 46,XY,del(18)(q11.2q12.2) (fig 1A). The
deletion occurred de novo since no abnormality involving
chromosome 18 was detected in either parent. Compara-
tive genomic hybridisation (CGH) analysis was performed
by previously described methods9 in order to confirm the
position of the breakpoints defined by G banding. The
CGH results were evaluated with Applied Imaging equip-
ment and software. As shown in fig 1B, the green to red
fluorescence ratio falls below 0.75 in the region q11.2, and
for a portion of the q12 region. CGH analysis indicated
that none of band q21 was deleted, consistent with the G
band cytogenetic analysis.
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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 et al.10 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 cases1–8 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 aVected subjects were
identified in two generations of one family resulting from an
insertional translocation.3 Some of the more consistent phe-

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

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

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 map1 2 and identify3 4 the APC gene, most
studies of mutations in APC have used techniques which
would not detect deletions.5–7 Molecular analysis of the
APC gene in FAP patients has found the pathogenic muta-
tion in 70% of cases,8 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-

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 ∼1.0
(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.

18 del(18)

A B

18 n = 14

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

Locus
Chromosome band
position

Sex averaged genetic
map position (cM)

Status in proband:
maternal/paternal allele

D18S66 q12.1 52.86 +/+
D18S36 q12.2-q12.3 58.45 −/+
D18S34 q12.2 62.29 −/+
D18S67 q12.2-q12.3 63.39 −/+
D18S535 18pter-qter 64.48 −/+
D18S65 q12.2-q12.3 66.66 +/+
D18S39 q21.2 77.36 +/+
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sis coli and mental retardation.9 Submicroscopic deletions
have been reported in only a few cases.10 11 In one family,10

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 report11

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
D5S346 in one of the aVected oVspring of an aVected
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 aVected with FAP.
Cytogenetic analysis on one of the patients showed a nor-
mal female karyotype. In family 2, we studied four subjects
aVected 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 aVected subjects.
Only one sample was available from family 4. A patient
with a cytogenetic deletion 46,XX,del(5)(q14.2q22.3) was
also analysed by the quantitative PCR method.

Linkage analysis was performed using several flanking
microsatellite markers: D5S299,12 D5S82,13 DS5122,14

D5S346,15 MCC,16 and D5S318.17 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 APC18 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 µl and contained 200-250 ng of tem-
plate DNA, primers (table 1), 0.5 U of Promega Taq
polymerase, 200 µmol/l of each dNTP, 1.5 mmol/l MgCl2

in buVer (50 mmol/l tris, 15 mmol/l (NH4)2SO4, 50 mmol/l
KCl, 0.085 mg/ml BSA). The reactions were performed in
an MJ 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 diVerent part of the APC gene. The peak
height of each amplified exon was used to calculate dosage
quotients, as described previously,19 for all amplicons. For
example, the dosage quotient (DQ) for exon 8 of APC and

Table 1 Primer sequences

Primer Sequence Ref
Product size
(bp)

pmol per
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 GCA TAC ACA TTG TGA 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 CAC ATT CAA ACA C 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 TAA TG 18 7.5
MPZ exon 1 for CAG TGG ACA CAA AGC CCT CTG TGT A Yau (pers com) 389 7.5
MPZ exon 1 rev GAC ACC TGA GTC CCA AGA CTC CCA G Yau (pers com) 7.5
MPZ exon 2 for CTC ACT TCC TCT GTA TCC CTT ACT G Yau (pers com) 393 10
MPZ exon 2 rev GGA GGA CAA TGT AGT CAG GGT GAC A 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

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 15A APC, exon 15D APC, exon 1 MPZ, exon 2 MPZ, exon
15F APC, and exon 3 MPZ. (A) Family 2 deleted for exons 8, 15A, 15D,
and 15F of APC and D5S346. (B) Family 4 deleted for exons 15A, 15D,
and 15F. (C) Normal (point mutation in APC identified).
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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 aVected mother and one of her
aVected daughters. Quantitative PCR showed the aVected
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

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 aVected 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 et al11 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 study7

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, diVering 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,20–22

oligonucleotide hybridisation, competitive PCR,23–25 and
more recently Taqman assays26 and comparative genomic
hybridisation (CGH) either using metaphase spreads27 or
arrayed targets.28 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
oVers a robust and accessible means to test for microdele-
tions and duplications.

Pathogenic duplications or deletions have long been
reported, from á globin23 and dystrophin29 to tumour sup-
pressor genes including BRCA1,30 BRCA2,31 and hMSH2.32

It is therefore important that genetic testing includes the
detection of altered gene dosage where appropriate as con-

Table 2 Dosage quotients (DQ) and standard deviation (SD)
calculations for electrophoretograms shown in fig 1

Exon
Sample peak
height

Control peak
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
APC15A 217 359 0.55 0.56 0.53
APC15D 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 15A, 15D, and 15F
APC8 916 494 0.85 0.98 0.90
APC15A 414 359 0.53 0.61 0.56
APC15D 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
APC15A 265 359 0.97 1.12 1.07
APC15D 249 415 0.79 0.91 0.87
APC15F 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

Table 3 Summary of microsatellite and quantitative PCR results

D5S299 D5S82 D5S122
APC
exon 8

APC
exon 15A

APC
exon 15D

APC
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 proá2(I) chain and an
EDS/OI clinical phenotype

EDITOR—Type I collagen is the major structural protein of
skin, bone, tendon, ligaments, and cornea. It is a heterot-
rimer of two á1(I) chains and one á2(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).1 Mutations which inhibit the
processing of the protein precursor, procollagen, cause the

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 COL1A1 allele.2–5 Homozygosity for a
non-functional COL1A1 allele appears to be incompatible
with life.6 Several years ago we described a male infant
who was totally deficient in á2(I)chains owing to homozy-
gosity for a non-functional COL1A2 allele.7–9 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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were considered to be prematurely osteoporotic following
x ray examination. Subsequently, two further patients
lacking proá2(I) chains from type I collagen were
reported.10 11 However, their clinical phenotypes lacked
any of the skeletal abnormalities of osteogenesis imper-
fecta but included generalised joint hypermobility, skin
hyperextensibility, and scarring typical of the Ehlers-
Danlos syndrome. We have now identified another patient
homozygous for a mutation yielding non-functional
COL1A2 alleles whose clinical phenotype showed general-
ised joint hypermobility and foot deformities reminiscent
of Ehlers-Danlos syndrome associated with pale blue scle-
rae and a mild increase in bone fragility characteristic of
osteogenesis imperfecta.

The proband is the first child of first cousin parents (fig
1). Marked ligamentous laxity and muscle hypotonia had
been first noted at her premature (28 weeks’ gestation)
birth. When ambulation was significantly delayed she was
investigated for muscular dystrophy but, following a
normal muscle biopsy, the motor delay was attributed to
her ligamentous laxity. On clinical examination at 9 years
of age she was of average height but with marked general-
ised joint laxity, pes planus, and valgus heels leading to a
secondary shortening of the achilles tendon. Her skin was
normal, her sclerae were pale blue, and there was dental
overcrowding but no dentinogenesis imperfecta. The limbs
were straight and normal both on examination and by x ray.
There was a history of recurrent patellar dislocations and
fractures of the skull, clavicle, fingers (three), and a toe fol-
lowing separate minimal traumas. An asymptomatic early
systolic murmur present on initial presentation had
spontaneously resolved. Her cardiovascular system, ECG,
and echocardiography were normal. Her mother showed
some joint laxity, but her father was not available for exam-
ination. She has two younger sisters who have both
progressed normally. A paternal cousin was reported to
have joint hypermobility and fractures following minimal
injury.

Skin fibroblast cultures were established from both the
proband and her mother. The cells were labelled with
14C-proline (1 µCi/ml).12 Proteins were harvested from the
medium by ethanol precipitation and from the cells by
lysis with 0.5 mol/l acetic acid/0.5% triton X-100 at
4°C. Medium and cell layer procollagens were converted
to collagens by limited pepsin digestion of the native
protein.12 Procollagen and collagen chains were analysed
on 5% polyacrylamide gels containing 2 mol/l urea using
the tris-glycine-SDS buVer system.13 Procollagen sam-
ples were reduced with 1% mercaptoethanol before
electrophoresis. The SDS-polyacrylamide gels of the
procollagens secreted by the proband’s cells showed

proá1(I) and á1(I) bands but no evidence of proá2(I),
pNá2(I), or á2(I) bands (fig 2). After limited pepsin
digestion the collagens from both medium and cell layer of
the proband’s cells showed only á1(I) chains. These
migrated more slowly on SDS-PAGE than those from a
control cell line (fig 2) indicative of increased post-
translational modification. The chains of other collagens,
for example, type III and type V, from the patient’s cells
were not aVected.

Cytoplasmic RNA, isolated from fibroblasts by the NP
40 lysis technique,14 was reverse transcribed and PCR
amplified to yield several overlapping fragments encoding
the whole á2(I) chain. Products were analysed on agarose
or polyacrylamide gels. The proband’s RNA gave a product
for each primer pair; however one product was slightly
smaller than the corresponding fragment from the control
RNA (fig 3A). Although this smaller fragment was the pre-
dominant product from the proband’s RNA, two minor
higher molecular weight bands visible in polyacrylamide
gels suggested heteroduplex formation and implied the
existence of a second molecular species in the RT-PCR
reaction. This fragment pattern was consistent in replicate
reverse transcriptions of duplicate RNA preparations from
the proband (fig 3A). The proband’s abnormal product
was inserted into M13 vectors and the sequences of multi-
ple clones compared to that of the wild type fragment from
control RNA. All of the proband’s clones examined had an
identical mutant sequence which, compared to the normal
control, was missing the last 17 bp of COL1A2 exon 46 (fig
3B). The resulting frameshift introduces a premature
termination codon after three residues. To characterise the
minor components in the proband’s RT-PCR reaction,
both higher molecular weight bands were excised from a
polyacrylamide gel, eluted, and reamplified. Each gave two
bands of approximately equal intensity on ethidium
bromide stained polyacrylamide gels; one band corre-
sponded to the deleted product, the other was the size of
the normal fragment (fig 3C). Several M13 clones of each
product were sequenced and yielded two distinct se-
quences, one showing the 17 bp deletion and the other the
normal á2(I) mRNA sequence.

To assess the relative abundance of the diVerent
á2(I) mRNAs, equal amounts of the mother’s, proband’s,
and control RNAs were RT-PCR amplified for only a
limited number of cycles with one of the primers 33P end
labelled. The products were analysed by polyacrylamide
gel and autoradiography. In the mother, the normal sized
product was predominant with the deleted product
representing only a very minor component. The patient
gave a similarly weak signal for the deleted product (fig
3D).

Figure 1 Pedigree of family.
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Figure 2 SDS-polyacrylamide gels of medium procollagens and
pepsinised collagens from medium and cell layer of patient (P) and control
(C) fibroblasts.
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Genomic DNA from the proband, her mother, and a
control were PCR amplified using primers located
upstream of the deletion in exon 46 and downstream in
exon 47 of COL1A2. Each DNA yielded single products of
equal size. These were ligated into the M13 derivatives
BM20, BM21 (Boehringer-Mannheim) for sequencing.
Every clone from the proband had a C instead of T as the
second base of IVS 46 (fig 4A). Clones of the mother’s
DNA showed two changes from the control. Half her
clones showed the C for T+2 substitution seen in the
proband, the others had the normal IVS46 T+2 sequence
but had an A instead of a G at position +42 of IVS 46. The
T+2→C+2 mutation creates a new restriction site for the
enzymes BbvI [GCAGC(N)8] and TseI [GC(A/T)GC].
These enzymes were used to digest amplified genomic

DNA from the proband’s blood and fibroblasts and blood
from her mother, her two sisters, and four unrelated
controls. The digests were electrophoresed on polyacryl-
amide gels (fig 4B). Both enzymes confirmed that the
proband was homozygous for the mutation and the mother
was a heterozygous carrier. The older of the proband’s two
sisters was also shown to be a carrier of the mutant allele
but the second sister had two normal alleles.

The mutation that we have identified in this proband
substitutes the obligate T+2 of the donor splice site
-ctGTAAGT- of COL1A2 IVS46 with a C. When such
mutations arise in collagen genes, the usual outcome is
skipping of the preceding exon from the mRNA to yield a
shortened protein which retains its reading frame and the
collagen triplet (Gly-X-Y) amino acid sequence. However,

Figure 3 (A) 5% polyacrylamide gel of RT-PCR products from the proband and three control RNAs. Lanes marked P1 are duplicate RTs of the patient’s
first RNA preparation, lane marked P2 is an RT from a second RNA preparation from the patient, C1, C2, and C3 are RTs from control RNAs, L is a 1 kb
ladder size marker (Gibco-BRL). (B) Sequencing gel of the antisense clones of cDNA from patient and control RNAs. (C) 5% polyacrylamide gel of PCR
reamplifications of gel isolated fragments and heteroduplexes showing control RT (C), upper heteroduplex (U), lower heteroduplex (L), and patient’s major
component (P). M is the 1 kb ladder size marker. (D) Autoradiograph of 5% polyacrylmide gel of RT-PCR reactions using equivalent amounts of RNA
and radioactively labelled primer. (P) proband, (M) her mother, and (C) a control.
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in this case there was no evidence for an exon skipped
product; instead the predominant product arose from use
of a cryptic donor splice site using the second and third
bases of a glycine codon 17 bp upstream of the normal
splice junction as the obligate -GT- dinucleotide. Calcula-
tions according to the Shapiro and Senapathy rules15 yield
a score of 79 for the normal and 60.8 for the mutant splice
site sequences. The cryptic site generates a score of 72.8.
There is a potential -GT- sequence closer to the original
splice site which yields a score of 62 but this is not used.
Thus, for most of the mature mRNA the last 17 bp of exon
46 are deleted and the resultant frameshift introduces a
new termination codon just three codons further down-
stream. The weak signal from the proband and the lower
yield of the deleted product from the heterozygous mother
obtained by semi-quantitative RT-PCR of equal amounts
of RNA indicate that mutant messenger RNA is less abun-
dant than normal. Messenger RNAs containing premature
termination codons are frequently destroyed by a process
known as nonsense mediated decay.16 If any of the mutant
message was translated, the proá2(I) chains would lack a C
propeptide domain and thus would not be incorporated
into triple helical molecules. As a consequence, the
proband produces a type I collagen homotrimer molecule
containing three á1(I) chains instead of the normal hetero-
trimer with two á1(I) and one á2(I) chains. The á1(I)
homotrimer triple helices form less readily than hetero-
trimer molecules and are thus subjected to increased post-
translational modification leading to slow migration of the
chains on SDS-PAGE gels. Mutation of the obligate -GT-
of a donor splice site should totally abolish splicing at that
junction; however, in this case the faint heteroduplexes
observed in the proband’s RT-PCR contained some
normal product, suggesting that a limited amount of
normal splicing had occurred at the mutated site despite it
having a lower score than alternative cryptic sites in the
vicinity. Any protein produced from these normal tran-
scripts was undetectable in the cell culture analyses.

Patients with a total á2(I) deficiency are extremely rare,
this latest patient is only the fourth to be described, and
they show markedly diVerent clinical phenotypes. In the
original case, homozygosity for a 4 bp deletion within the
á2(I) C propeptide coding region meant that the proá2(I)
chains synthesised could not be incorporated into type I
collagen molecules and á1(I) trimers were formed.8 The
patient had an extremely severe, progressively deforming
osteogenesis imperfecta with multiple fractures, severe
skeletal deformities, and popcorning of the epiphyses.7 His
heterozygous third cousin parents who made half normal
amounts of proá2(I) chains suVered from mild joint laxity
but appeared clinically normal until x ray examination
indicated premature osteoporosis. Two later accounts of
Japanese patients10 11 reported an absence of á2(I) chains in
skin fibroblast cultures from patients who presented with
joint hypermobility, hyperextensible skin, and scarring
characteristic of the Ehlers-Danlos syndrome. Aortic
regurgitation was also observed but no skeletal abnormali-
ties were recorded. In the first of these cases the parents
were second cousins suggesting possible homozygosity10; in
the second the parents were unrelated and compound het-
erozygosity was postulated.11 Although a reduction in á2(I)
mRNA was reported in one of these patients,11 no gene
defects were defined. Why apparently similar protein
abnormalities should produce such diverse clinical pheno-
types is unclear. One could speculate that the unknown

mutations in the Japanese patients aVected a tissue specific
gene promoter or enhancer limiting the expression of the
defect to soft tissues and sparing the skeleton. However, in
the other two cases the á2(I) defects result from structural
abnormalities within the COL1A2 gene and should be
expressed wherever the gene is active. As such they might
be expected to generate similar clinical phenotypes but our
latest proband is much more mildly aVected than the origi-
nal patient and shows none of his skeletal deformity or
severe osseous fragility. This could be the result of
epigenetic factors or perhaps the minute amount of normal
á2(I) detected as heteroduplexes in the RT-PCR reactions,
although not as protein in cell cultures, is suYcient to
ameliorate the clinical phenotype from a severe OI to a
much milder EDS/OI.

The authors gratefully acknowledge the assistance of Mrs M Laidlaw in main-
taining the fibroblast cultures.
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Mutation and haplotype analysis of the
CFTR gene in atypically mild cystic
fibrosis patients from Northern Ireland

EDITOR—Although cystic fibrosis (CF) is a monogenic dis-
order of autosomal recessive inheritance, it displays a
diverse clinical phenotype. Over 1000 molecular lesions in
the cystic fibrosis transmembrane conductance regulator
(CFTR) gene together with the action of modifying genes
can result in the variable expression of CF.1 2

Classical CF causes dysfunction of the lung, sweat glands,
testis, ovary, intestine, and pancreas.3 However, there is con-
siderable variation in measurements of the onset age,
presence of pancreatic insuYciency, sweat electrolyte levels,
and progression of lung disease. Particularly mild manifesta-
tions of cystic fibrosis are conveniently grouped as “atypical
CF” and result from a diVerent CFTR mutation spectrum
from classical CF patients.4–8 Recognition of the wide range
of disease presentation in CF is important for appropriate
treatment and eVective counselling of those at risk. The rep-
ertoire of other disorders associated with CFTR variants
include various respiratory aZictions such as asthma,9

chronic bronchitis, disseminated bronchiectasis,6 7 10 allergic
bronchopulmonary aspergillosis,11 nasal polyposis,12 chronic
pancreatitis,13 and certain forms of male infertility character-
ised as congenital absence of the vas deferens (CAVD) and
obstructive azoospermia.8 14

This report details the CFTR variants, characterised by
fluorescent sequencing after screening the entire coding
and surrounding intronic sequences by denaturing
gradient gel electrophoresis (DGGE), in a panel of 31

unrelated atypical CF patients from Northern Ireland. The
frequencies of these variants in the normal population was
also examined. Automated detection of fluorescently
labelled multiplex PCR fragments was used to type three
intragenic CFTR dinucleotide repeats for assigning micro-
satellite haplotypes to the atypical CF alleles.15 The
genotypes for a functionally important polythymidine
branch/acceptor site of intron 8 in the CFTR gene
(Tn=IVS8-6(T)n)16 were also typed for our CF, atypical
CF, and normal chromosomes.

The aVected subjects from Northern Ireland were diag-
nosed during neonatal CF screening by two increased lev-
els of immunoreactive trypsin from Guthrie card samples,
followed by two sweat tests at one week intervals.17 Older
patients (those currently over 14 years) were diagnosed by
sweat testing after referral on clinical suspicion. Diagnosis
of “classical” CF is generally based on a pathological sweat
test, a CFTR mutation on each CF allele, and typical clini-
cal symptoms of gastrointestinal and pulmonary disease.3

Diagnostic problems arise when one or more of the above
criteria are not fulfilled. For example, Highsmith et al18

reported CF gene mutations in patients with normal sweat
chloride concentrations. The highest sweat electrolyte
results for the atypical CF group were in the diagnostic
range for CF (table 1), although they tended to provide
borderline results which required repeating before diagno-
sis was made. The overall clinical course is much milder
than for our CF patients, as shown by slower decline on
chest x ray appearances, Shwachman scores, deviation of
height and weight below the mean, and decline in pulmo-
nary function. They did not present with meconium ileus
and only a few have had Pseudomonas aeruginosa infections
(table 1). Only about half of the patients receive pancreatic

Table 1 The CFTR genotypes and clinical details for a panel of 31 atypical CF patients from Northern Ireland

Patient CFTR mutations Tn genotype* Sex/age (y)
Sweat
chloride†

Bacterial
infection‡

Pancreatic
status§

Shwachman
score3 FEV1 %¶

1 ÄF508/R75Q + 5T 9/(11) 5 M/32 93 PA PI 18/25 80
2 ÄF508/R117H + 5T 9/(12) 5 M/9 74 HI PI 21/25 90
3 ÄF508/R75Q 9/7 F/32 65 n PS 23/25 92
4 ÄF508/5T 9/(11) 5 M/7 83 n PS 24/25 —
5 ÄF508/U 9/7 F/23 81 HI PS 19/25 87
6 ÄF508/U 9/7 F/11 63 n PS 23/25 103
7 ÄF508/U 9/7 F/24 103 PA PI 13/25 66
8 ÄF508/U 9/7 F/13 83 n PS 18/25 81
9 R75Q/U 7/7 F/20 117 HI PI 20/25 88
10 R75Q/U 7/7 M/6 84 HI PS 19/25 —
11 R75Q/U 7/7 M/33 96 n PI 21/25 86
12 S1235R/U x/x F/18 69 HI PI 24/25 90
13 S1235R/U 7 or 9/7 or 9 M/22 76 n PI 20/25 119
14 R117H + 5T/U (12) 5/7 M/17 91 PA PI 20/25 77
15 R297Q + 5T/U (11) 5/7 F/14 62 n PI — —
16 5T/U (11) 5/7 M/13 79 n PI 21/25 75
17 5T/U (12) 5/7 F/20 74 n PS 22/25 100
18 5T/U (11) 5/7 M/28 55 n PI 19/25 68
19 U/U 7/7 M/8 58 HI PS 19/25 94
20 U/U 7/9 M/26 74 n PS 23/25 106
21 U/U 9/7 M/8 55 HI PS 22/25 —
22 U/U 7/7 M/8 77 n PS 21/25 —
23 U/U 7/9 M/12 58 HI PI 21/25 92
24 U/U 7/7 M/12 61 n PI 19/25 91
25 U/U 7/7 M/21 72 n PS 22/25 96
26 U/U 7/7 F/7 89 n PI 21/25 87
27 U/U 7/7 M/8 65 n PS 23/25 —
28 U/U 7/7 F/15 78 HI PI 20/25 76
29 U/U 7/7 F/28 111 PA PI 16/25 72
30 U/U 9/7 M/10 84 n PS 20/25 81
31 U/U 9/7 M/9 66 n PI 22/25 93

*The number of TG repeats (IVS8GT) upstream of the Tn tract is given in brackets only before a T5 score as their number can modulate alternative splicing only
when this is activated by the T5 allele.16 U = unknown (no mutation detected), M = male, F = female, x = uncharacterised.
†High sweat levels, diagnostic of CF, are those above 70 mmol/l chloride, borderline levels are 40–70 mmol/l, and normal levels are below 40 mmol/l.17 In the atypi-
cal cohort, 20 patients have high sweat levels and 11 have borderline values.
‡HI = Haemophilus influenza, PA = Pseudomonas aeruginosa, n = no bacterial growth detected.
§PI = pancreatic insuYcient, PS= pancreatic suYcient.
¶FEV1/FVC % = forced expiratory volume in one second / forced vital capacity, as a percentage. — = no value available.
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enzyme supplements (Aileen Redmond, Royal Victoria
Hospital, Belfast, personal communication).

DNA samples from the atypical CF patients were
analysed by DGGE and variants characterised by fluores-
cent sequencing as for our CF cohort.19 This screening
procedure enabled detection of all 80 control CFTR
variants spread through all the exons.

The six CFTR variants and their associated Tn genotypes
found in the atypical CF samples are shown in table 1. They
were present on 22 of the 62 CFTR alleles examined (35%).
Only four patients (Nos 1-4 in table 1) had CFTR defects
detected on both chromosomes. Of the 31 subjects tested 18
had at least one CFTR defect characterised (58%), which is
significantly diVerent from both normal and cystic fibrosis
populations from Northern Ireland (the 30 CFTR mutations
found in our CF population account for 94% of the CF alle-
les in Northern Ireland19). Twelve of the chromosomes car-
ried one of three pathogenic mutations typically found in
CF: ÄF508 (eight alleles), R117H (two), and S1235R (two).
The latter defect is also associated with disseminated bron-
chiectasis.6 Three of the amino acid changes detected,
R75Q, R297Q, and S1235R, were not observed in CF
patients from Northern Ireland.19

A 5T tract in the splice acceptor site of intron 8 (Tn),
which greatly decreases the amount of available full length
CFTR mRNA,16 20 21 was typed from eight alleles. There is
a wide clinical variation, from no disease to CAVD,22–25

chronic idiopathic pancreatitis,26 bronchiectasis, aspergil-
losis, and moderate CF,6 27 in association with this Tn
allele that depends on the diVerences in levels of normal
CFTR mRNA. The T5 allele eVect on exon 9 skipping has
been shown to increase the phenotypic severity of the
R117H mutation (R117H occurs on two chromosomal
backgrounds, one associated with T5 and the other with
T7).28 The frequency of the T5 allele is 12.9% in the
atypical cohort and has been estimated to be some 5% in
the general population.14 22 After typing the Tn genotype
in 200 normal chromosomes from Northern Ireland in
this study, T5 was found to occur at a frequency of 7.1%.

A substitution of arginine for glutamine at codon 75 in
exon 3 was found on five chromosomes. This R75Q variant
is not thought to cause multiorgan CF but has been found to
be associated, like R117H, S1235R, and T5, with atypical
CF manifestations, such as CAVD14 22 29 and bronchiectasis.6

This amino acid variant was also found in two out of 200
normal alleles but was not detected on 412 CF chromo-
somes. Thus, the R75Q allele is significantly more frequent

in our group of atypical CF patients than in the general
population (p=0.01, Fisher’s exact text). This observation
suggests an association of the R75Q substitution with mild
CF symptoms, as proposed by Zielenski and Tsui.30

Another Arg to Gln change, in codon 297 of exon 7, was
previously reported as the CF mutation R297Q.31 The
female sibs (aged 14 and 17) carrying this variant are now
classified in the atypical group as they present with a quite
mild CF phenotype (NB, only one of the R297Q alleles is
counted in the cohort). R297Q was found in cis with T5
which would probably augment any deleterious eVect of
the amino acid change. Previously, R297Q was also
reported in two healthy French sibs who both carry CF
mutations on their other chromosomes.32 However, in this
case the mutation occurs on a diVerent haplotype
associated with T7. Other evidence that R297Q may con-
tribute to disease, in conjunction with a second site varia-
tion like T5, is that no further mutations were found after
DGGE screening of the entire CFTR coding and flanking
regions. R297Q was not detected in 206 CF or 100 normal
subjects after DGGE analysis. Interestingly, the ovine
equivalent of this variant was reported as the first putative
CF mutation to be detected in another species.33

Three intragenic CFTR microsatellites, IVS8CA,
IVS17bTA, and IVS17bCA , were also typed for the atypical
CF cohort. These haplotypes plus the Tn scores (table 2)
help to postulate whether chromosomal background would
modulate the eVect of variants that are found in both CF and
atypical CF. Microsatellite haplotypes associated with
ÄF508, R117H, and S1235R are equivalent, and thus
genetic background is probably similar to those obtained
from CF patients with these mutations in Ireland and
Britain.15 34

The R75Q and T5 defects were associated with several
haplotypes and so would appear to be carried on diVerent
genetic backgrounds that might regulate their severity.
R75Q was associated with two main haplotype back-
grounds; 16-T7-31 or 46-13 and 17-T5-07-17. In addition
to R117H (the two R117H alleles occur on the more
pathogenic T5 background), T5 occurs in cis with both
R75Q and R297Q respectively. Examination of the Tn
genotypes for the 30 mutations in our independent CF
cohort showed that only R117H was associated with T5
(12 out of the 16 R117H CF alleles). All the other CF
mutations were associated with T7 or T9. There were 23
diVerent haplotypes typed from the 40 uncharacterised
atypical CF alleles, which suggests that there could be

Table 2 Haplotypes defined for 62 atypical CF alleles and their associated CFTR variants

Mutation No of alleles Atypical CF frequency* (%) CF frequency† (%) Normal frequency‡ (%) Haplotype§ 8CA-Tn-17bTA-17bCA

ÄF508 8 12.9 68 2 23-9-31-13 (4)
23-9-32-13 (2)
21-9-31-13 (1)
17-9-31-13 (1)

5T 8 12.9 3.4 7.1 17-5-07-17 (3)
16-5-30-13 (2)
16-5-07-17 (2)
16-5-29-13 (1)

R75Q 5 8.1 0 1 16-7-46-13 (3)
16-7-31-13 (1)
17-5-07-17 (1)

R117H 2 3.2 4.1 1 16-5-30-13 (2)
S1235R 2 3.2 0 0 17-7/9-31-13 (2)
R297Q 1 1.6 0 0 17-5-07-17 (1)
Not known 40 64.5 5.6 — 16-7-30-13 (7)

16-7-07-17 (5)
16-7-32-13 (5)
16-7-44-13 (2)
17-7-07-17 (2)

and one each of: 16-7-07-13, 16-7/9-07-17, 16-7-21-19, 16-7-24-13, 16-7-29-13, 16-7-31-13, 16-7-31-14, 16-9-32-13, 16-7-33-13, 16-7-34-13, 16-7-35-13,
16-7-37-13, 16-9-44-13, 16-7-46-13, 16-7-47-13, 17-9-43-13, 17-7-54-11, 20-9-30-13, not typed (1)

*Frequency of the variant in the panel of 62 atypical CF chromosomes.
†Frequency of the variant in 412 chromosomes from 206 Northern Irish CF patients.
‡Frequency of the variant in 200 normal chromosomes from Northern Ireland.
§The figures in brackets after each haplotype denote the number of atypical alleles found with that particular haplotype.
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many other variants still to be found in the non-coding
region of the CFTR gene. Recent reports suggest that some
cases of atypical CF also could result from other genetic or
environmental factors.2 35

The CFTR gene has been shown to be a predisposing fac-
tor for the development of various atypical manifestations of
CF. Examination of the entire coding and flanking
sequences of the CFTR gene by denaturing gradient gel
electrophoresis was undertaken to screen for mutations in 31
patients who express a markedly mild form of CF. They have
borderline or increased sweat electrolyte levels with pulmo-
nary dysfunction but no substantial bacterial colonisation.
Three intragenic CFTR microsatellites and a Tn tract, whose
T5 allelic variant causes aberrant splicing and is strongly
associated with atypical CF, were typed to construct haplo-
types for the disease alleles. There were six variants (includ-
ing T5) characterised on 22 of the 62 alleles tested (35%),
though only 12 of these chromosomes harboured mutations
commonly found in CF. While only four patients were found
to be compound heterozygotes for CFTR defects, 18 (58%)
had at least one mutant CFTR allele. The CFTR genotypes
for the atypical cohort are markedly diVerent from both nor-
mal and cystic fibrosis populations from Northern Ireland.

The apparatus and optimisation of DGGE for analysis of
the CFTR gene is described by Hughes et al.19 Briefly, sam-
ples were loaded in a 6% polyacrylamide gel with a linearly
increasing concentration of denaturing gradient from 0% to
80% denaturant (100% denaturant: 6 mol/l urea, 40%
formamide v/v) and analysed on a modified Biorad Protean
11 vertical electrophoresis system at a constant temperature
of 60°C. Fragments displaying altered gel mobilities were
visualised by ultraviolet light after ethidium bromide
staining. The corresponding PCR products were sequenced
in both directions with fluorescent dyedeoxy chain termina-
tor nucleotides on an Perkin Elmer ABI 373A sequencer.
For each DGGE amplicon, control samples carrying known
mutations were analysed under the same conditions and in
parallel with the uncharacterised samples.

IVS8CA, IVS17bTA, and IVS17bCA were amplified by
fluorescent multiplex PCR.15 34 The reverse primers were 5'
end labelled with fluorescent phosphoramidites (Perkin
Elmer). Samples were loaded onto 6% polyacrylamide gels
(Sequagel, National Diagnostics) and analysed on a Perkin
Elmer ABI 373A DNA sequencer. Markers of known size,
labelled with a diVerent phosphoramidite, were run with
the samples to determine allele sizes using the Genescan
672 software according to the manufacturer’s instructions.
IVS8GT and IVS8-6(T)n were typed by a combination of
SSCP, restriction digests, and direct sequencing as
described by Dörk et al.36
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Risk perception and cancer worry: an
exploratory study of the impact of
genetic risk counselling in women with
a family history of breast cancer

EDITOR—An important aim of genetic risk counselling is to
confirm a level of cancer risk and oVer risk management
strategies.1 By giving counsellees accurate information
about their risk, in place of ignorance, uncertainty, or a
false assumption of the inevitability of breast cancer, it is
hoped that some of the associated worry about personal
risk may be alleviated.

Earlier work by the authors showed that women
frequently overestimate their risk of breast cancer,2

creating the possibility of reassuring women by providing
a more realistic risk value. Subsequent research showed
that risk counselling significantly improved risk accuracy
over a one year follow up period, both for women who
overestimated and underestimated risk.3 This improve-
ment was more likely if women were sent a personal letter
containing the risk information after their visit.3 However,
there was concern that accurate risk information may
induce or increase anxiety in women referred for genetic
counselling, especially in those who initially under-
estimated their risk.

This was not borne out by a study of first time attendees
at the Family History Clinic, who were followed for a one
year period after genetic risk counselling. Women were
found to adopt a more accurate perception of their risk
without an increase in scores on general measures of anxi-
ety at any time point post-counselling.4 There was a
suggestion from questionnaire data that women with an
accurate appraisal of risk after genetic counselling had the
best levels of mental health and psychiatric diagnoses
derived by interview were not caused by risk counselling.
However, some women with psychiatric morbidity re-
ported that the early loss of a mother was very diYcult to
resolve,4 a problem also reported in adolescent daughters
of breast cancer patients.5 The relationship between early
loss and cancer worry in high risk women has not been
previously reported. Death of a mother in adolescence may
be associated with a greater fear of cancer as an adult,
because of exposure to the disease at this vulnerable age.
Adolescent daughters of women with breast cancer find it
diYcult to put the illness behind them and report higher
symptom scores for distress.5

Our previous study showed that genetic risk counselling
did not adversely eVect mental health, but the study lacked
a specific measure of cancer worry. A previous UK study
reported that specific cancer worry was not relieved by
genetic risk counselling.6 Perceived risk was the best
predictor of cancer worry and intuitively one would expect
women who overestimate to have more cancer worries but
be amenable to reassurance from accurate risk knowledge.
Thus, we considered it important to assess cancer worry
prospectively and longitudinally in women at risk and, sec-
ondly, to find out whether the early loss of a mother had a
bearing on the level of cancer worry.

It was hypothesised that (1) cancer worry scores would
be greater in women who overestimated risk than in those
who underestimated or had an accurate risk perception; (2)
cancer worries would be greater in women whose mothers
died from breast cancer before the daughters were aged 20,
with those aged 10 to 20 (that is, adolescents) at the time
of death being the most vulnerable; and (3) cancer worry
scores would show no significant change following risk
counselling.

At the time of study, the Family History Clinic service
oVered risk assessment to women with a family history of
breast/ovarian cancer who had a minimum two-fold
increased risk compared with the general population, but
who were unaVected. The service was staVed by a consult-
ant cancer geneticist, a consultant medical oncologist with
expertise in risk assessment, and a Research Fellow in can-
cer genetics. Earlier research showed that women’s risk
perceptions post-counselling did not vary according to
which clinician had provided risk counselling.4 Referrals
were received from general practitioners (>70%) and from
surgeons/other clinicians but women could not self-refer. A
detailed pedigree was first obtained by a mailed question-
naire which was then computed and risk level estimated
using the Claus model.7 Women reaching criterion risk
were oVered an appointment at which the family history
was discussed and a personal risk level presented. Risk was
given in two ways, including an odds ratio for lifetime risk.
Clinical breast examination and mammography (where
appropriate) were also provided. All women were sent a
detailed letter after the consultation, summarising the dis-
cussion and including the lifetime risk value. Very few
women attending the service would be able to consider
genetic testing because many were not from obviously
“dominant” breast cancer families, which is where most
testing is focused.

An assessment of pre-counselling risk perception and
cancer worry has formed part of the routine work up for
new referrals to the Manchester Family History Clinic in
recent years. The study population was formed by 500
newly referred women oVered an appointment at the clinic,
who had completed Lerman’s Cancer Worry Scale
(CWS)8 9 and the Manchester Family History Clinic
Questionnaire4 (to assess risk perception) before their first
attendance at the Family History Clinic.

A second pair of questionnaires was posted to 460 of
these women in July 1998, a minimum of two and
maximum of 21 months after genetic risk counselling with
a letter requesting completion. Forty women who had
already been approached to participate in another research
study running concurrently were not recontacted. (These
women were participating in the Tamoxifen Chemopreven-
tion Trial, IBIS.) The CWS is a six item (originally four
item) scale designed to measure worry about the risk of
developing cancer and the impact of worry on daily func-
tioning. Reference population norms are available,8 9 but
no clinical case threshold values are derived.The Family
History Clinic Questionnaire provides information on
source of referral, reason for attending, risk perception, and
concern about risk. It has been used in several previous
research studies2–4 and showed consistency over time. Risk
perception is assessed through selection of the appropriate
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odds ratio value, which ranges from 1:2 to 1:100 with
additional categories of “inevitable” and “very unlikely”.

In keeping with our previous research, self-reported risk
estimates were considered accurate if the value selected
was exactly the same as the counselled risk level, which was
a precise risk value. Where the latter was not a whole
number (for example, a 40% risk would be an odds ratio of
1 in 21/2), the nearest whole number either side of the
counselled risk value was accepted.

The CWS was developed in a US sample and so checks
were made on the psychometric properties of the scale
before proceeding with the analysis. Cronbach’s alpha for
the full scale, tested on all 500 women responding, was
0.86. The values for the subset of 330 women who
completed the scale twice were 0.86 and 0.87 respectively,
thus confirming excellent validity (internal reliability) of
the scale. Principle components factor analysis resulted in
the extraction of one factor which explained 59.5% of the
variance, confirming that it was appropriate to use the scale
as a unitary scale.

The CWS was scored from 1 (no worry) to 4 (maximum
worry) for each of the six items, giving a range of scores
from 4-24. Scores on this scale were skewed towards the
lower end of the scale so that non-parametric statistics were
used in addition to mean scores. Means and 95%
confidence intervals were used to illustrate changes in
CWS scores over time. Changes in CWS scores from base-
line values were calculated for each patient at the follow up
time point and tested using the Wilcoxon signed rank test.
Comparison of CWS scores for risk perception subgroups
(over-, under-, and accurate estimates) was carried out
using the Mann-Whitney test.

Women who had been bereaved were identified and
analyses of risk perception and CWS scores by age at time
of maternal death were carried out. DiVerences were tested
using the Kruskal-Wallis test.

Five hundred women were sent baseline questionnaires
before their clinic attendance. The majority (362, 72%) of
women were referred to the service by their general
practitioner: 133 (27%) were referred by surgeons and five
women (1%) were referred by other specialists. The mean
age of the baseline sample was 37.9 years (SD 8.5,
minimum 18.2, maximum 59.8). Four hundred and sixty
women were mailed questionnaires post-counselling (40
women were ineligible as they were involved in another
study). None of the women had a diagnosis of cancer at the
time of assessment or had received genetic test results
before the first evaluation of cancer worry or risk
perception. Three women were undergoing testing during
the study period; a mutation was found in the family (but

not the woman) for two women and a third subsequently
received confirmation of mutation carrier status.

Three hundred and thirty women returned these follow
up questionnaires, a compliance of 72%. The mean age of
the follow up sample was 37.8 years (SD 8.2, minimum
18.2, maximum 59.1). The LCWS summary scores for
women participating (mean 11.93 (SD 3.23), median 11)
were comparable to those women who declined to partici-
pate (mean 12.28 (SD 3.18), median 12).There was no
diVerence in the proportion of women over- or underesti-
mating risk pre-counselling in the subgroup who did not
return forms, as shown in table 1.

Data were available for 500 women pre-counselling. Of
these, 170 (34%) overestimated their personal risk, 185
(37%) underestimated, and 73 (14.6%) were accurate.
Seventy two (14.4%) women did not give a risk value.

The mean/median summary scores for the overall
sample (n=500) on the CWS were 12.12 (SD 3.25) and
11. There was a significant diVerence in the mean/median
summary scores by risk group (p<0.000, Kruskal-Wallis
test) as shown in table 2A. All diVerences were in the
expected direction, with increased worry in overestimators.
The mean/median CWS scores of the 72 women who did
not give a risk estimate were comparable to underestima-
tors.

When the six items from the CWS were examined indi-
vidually (table 2B), there was a significant diVerence on all
items between women who underestimated risk compared
with both those who overestimated and those with accurate
risk estimates (Kruskal-Wallis test: all values p<0.01;
Mann-Whitney test: all values p<0.02). Thus, scores for
women with correct or overestimates were the most
comparable and higher than women with underestimates.
Mean item scores were highest on all items for women who
overestimated risk. Women who underestimated their per-
sonal risk had the lowest scores on all items, those who
were unable to estimate personal risk having scores lying
intermediate between those with underestimates and those
with correct estimates.

Table 1 Baseline risk estimate groups and Lerman Cancer Worry Scale
scores for study participants and decliners

Perceived risk group

Participants Decliners

No % No %

Underestimates 128 38.8 49 37.8
Correct estimates 51 15.5 17 13.1
Overestimates 107 32.4 46 35.4
No estimates 44 13.3 18 13.9
Total 330 100 130 100

Table 2A Lerman Cancer Worry Scale summary scores by risk perception group,
pre-counselling

Risk perception group
Sample
size Mean SD Median Minimum Maximum

Underestimates 185 11.03 2.84 11.00 6.00 19.00
Corrrect estimates 73 12.92 2.98 13.00 8.00 21.00
Overestimates 170 13.18 3.43 13.00 7.00 23.00
No estimates 72 11.60 3.10 11.00 6.00 19.00

Table 2B Lerman Cancer Worry Scale item mean scores by risk perception group, pre-
counselling

Question No Underestimates
Correct
estimates Overestimates No estimates

1 1.96 2.32 2.40 2.08
2 1.35 1.62 1.66 1.51
3 1.09 1.21 1.26 1.18
4 2.76 3.25 3.22 2.89
5 2.12 2.38 2.45 2.14
6 1.75 2.15 2.19 1.80
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Frequency of responses on the cancer worry items were
calculated to find out which worries were more prevalent in
this cohort. In particular, we wanted to ascertain the pro-
portion of women who felt that cancer worry either
aVected their mood or their daily activities, as this
subgroup would be more likely to require additional
psychological help if such eVects persisted. Results (table
3) showed that concern about the possibility of cancer in
the future (Q4) was the most prevalent item, irrespective of
personal risk perception; two thirds of women reported
“moderate” or “very much” concern in this domain. How-
ever, the impact of such worries on mood (Q2) or daily
activities (Q3) was very low, with only 7% and 2% women
respectively describing this interference as occurring
“often” or “almost all of the time”.

The mothers of 182 (33%) women in the study had died
from breast cancer; of these 24 (13.2%) had died before
the daughters were aged 10, 43 (23.6%) when the daugh-
ters were aged between 10 and 20, and 115 (63.2%) when
the daughters were aged over 20. Pre-counselling cancer
worry scores showed no significant diVerences: CWS score
for the bereaved subgroup were mean 12.39 (SD 3.28),
median 12 (min 6.00, max 21.00), and for the non-
bereaved group, mean 11.97 (SD 3.23), median 11.00
(min 6.00, max 23.00) ( p= NS).

When the subgroup of bereaved daughters was split into
loss of a mother under the age of 10 (mean/median age
37.4/36.0 years) versus loss between 10 and 20 years
(mean/median age 34.6/38.5 years), or loss in adulthood
(mean/median age 39.6/37.8), an interesting diVerence
was found. Women who experienced the death of a mother
from breast cancer between the ages of 10 and 20 had
non-significantly higher CWS scores (mean 12.88 (SD
3.50), median 13.00 (min 7.00, max 20.00)) compared to
women bereaved in adulthood (mean 12.58 (SD 3.15),
median 12.00 (min 6.00, max 21.00)) or the non-bereaved
group (values shown above), but the most striking finding
was that women bereaved at the youngest age had
significantly lower CWS summary scores (mean 10.54 (SD
3.02), median 10.00 (min 6.00, max 16.00), (p=0.0082,
Kruskal-Wallis test).

Post-counselling, the rank order of mean cancer worry
scores was maintained, but missing information from the
smaller subgroups made statistical testing unreliable.

Risk perception data were explored to see if the relation-
ship with cancer worry held true. Results showed that the
subgroup of women who lost their mother before the age of
10 years were less likely to overestimate their personal risk
than either of the other two groups: 16.7% of this subgroup
overestimated their risk compared with 37.2% of women
bereaved between the ages of 10 and 20 and 34.8% of
women bereaved in adulthood (numbers too small for sta-
tistical testing). A greater proportion of the early bereaved
group had a correct perception of risk (25%) compared to
the other two subgroups (11.6% and 18.3%, respectively).
However, when considering their risk levels as assessed by
the geneticist, the women bereaved before the age of 10
were in the highest risk category with a mean risk level of
1:4.0, compared with women bereaved aged 10-20 (mean

risk 1:4.8), or women bereaved in adulthood (mean risk
1:4.8), or women who were not bereaved (mean risk 1:5.4).

Three hundred and thirty (77%) women completed risk
assessment questionnaires on a second occasion, mailed up
to 21 months later (mean 9.4 months). As reported in our
earlier studies, there was a significant improvement in
accuracy of risk perception post-counselling for all
subgroups: the proportion of overestimates changed from
32.4% (107) to 23.3% (77), underestimates from 38.8%
(128) to 28.8% (95), and correct estimates from 15.5%
(51) to 42.1% (139). Only 5.8% (19) women did not give
a risk estimate post-counselling compared to 13.3% (44)
pre-counselling.

There was no significant change in CWS scores after risk
counselling. The mean/median summary scores pre- and
post-counselling were 11.93 (SD 3.22), median 11 (min 6,
max 23), and 11.83 (SD 3.21), median 11 (min 6, max 21),
respectively (p=0.55, Wilcoxon signed ranks test). This
finding held true for subgroups of women who initially
underestimated risk (mean CWS score increased non-
significantly from 10.88 to 11.05, p=0.459) and for those
with correct pre-counselling risk perceptions (mean CWS
score decreased non-significantly from 12.96 to 12.63,
p=0.57).

However, there was a significant reduction in CWS
mean score (from 13.08 to 12.58, p=0.039) for women
who initially overestimated risk, as their knowledge became
more realistic post-counselling.

Considering the 330 women in the sample as a whole,
there was no diVerence in individual item scores measured
pre- and post-counselling (table 4). An analysis of frequen-
cies of responses by item showed very little change overall,
with only a 3% reduction in the proportion of women
reporting the most frequent concern (Q4, worry about
cancer in the future). Examination of the data by risk per-
ception group showed the greatest reduction in cancer
worry for the proportion of women with accurate risk
knowledge, but even then the changes were small. There
was very little evidence of impairment of mood or daily
functioning with only 8% (27) women overall reporting
this as a result of cancer worry.

Among women who overestimated their risk either pre-
or post-counselling (who may be considered to be a more
vulnerable group in this respect), the proportion who
reported any impairment of mood or activity decreased
from 22% to 5%. Again, 27% of women reported that they
had worried “frequently or constantly” about cancer in the

Table 3 Lerman Cancer Worry Scale items pre-counsel: frequencies by all women and by risk subgroup

Item score 0/1 Item score 2/3

All Under Correct Over All Under Correct Over

How often have you thought about your chances of getting cancer? 234 103 31 63 96 25 20 44
Have these thoughts aVected your mood? 310 127 47 95 20 1 4 12
Have these thoughts interfered with your daily activities? 324 127 50 105 6 1 1 2
How concerned are you about getting cancer one day? 107 57 11 24 223 71 40 83
How often do you worry about developing cancer? 241 104 33 66 89 24 18 41
How much of a problem is this worry? 262 114 38 73 68 14 13 34

Table 4 Change in Lerman Cancer Worry Scale item score, before and
after genetic risk counselling

Question No

Pre-counselling Post-counselling

p value*Mean SD Mean SD

1 2.17 0.7 8 2.13 0.78 0.45
2 1.47 0.6 4 1.49 0.64 0.46
3 1.17 0.4 3 1.19 0.43 0.48
4 2.96 0.8 7 2.93 0.91 0.51
5 2.24 0.6 3 2.23 0.56 0.70
6 1.93 0.7 7 1.87 0.72 0.11

*Wilcoxon signed ranks test.
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previous month. There was a small reduction (from 21% to
17%) in the proportion of women who indicated
post-counselling that cancer worry was a problem to
them.

We have found that a short consultation for risk
assessment and discussion of this risk did not significantly
reduce worry about breast cancer although it was reassur-
ing that women who overestimated their pre-counselling
risk subsequently experienced a reduction in cancer
worries. It would perhaps be counterintuitive to expect to
reduce worry in those women who had underestimated risk
or who already appreciated a high level of risk. For most
women, therefore, it could be argued that worry about
cancer in the future represented a realistic concern, rather
than a morbid anxiety.

It was reassuring to find that only a very small proportion
of women reported that cancer worries had an impact on
their mood or daily activities, even if they had initially
underestimated their risk. However, one in six women may
regard their cancer worry as a “definite or severe problem”
pre-counselling. This figure is identical to that reported by
Watson et al10 in a study of women assessed one year after
risk counselling. Given the lack of association with mood
disorder or dysfunction, the meaning of risk “being a prob-
lem” warrants further investigation. The study of Watson et
al10 showed a significant reduction of worry in this domain
which we did not find with our cross sectional post-
counselling data.

Perceived vulnerability to cancer grows out of the
experience of cancer in the family and whether or not
close relatives have survived. Bereaved women (especially
those bereaved between the ages of 10 and 20) had the
highest cancer worry scores in our study and it appears
that numerical breast cancer risk information is not
automatically reassuring in light of such experiences.
These women may feel particularly vulnerable, especially
if they have teenage children themselves, and fear that
history will repeat itself. Our findings are in keeping
with the suggestions by Wellisch et al5 that women
bereaved in adolescence find it harder to put the mother’s
illness behind them and resolve it emotionally. Their long
range plans may be based on the assumption that they will
develop breast cancer sooner or later. The unexpectedly
low cancer worry level of high risk women who were
bereaved before the age of 10 suggests, intriguingly, that
earlier death may be better resolved, although the result
must be regarded as tentative because of small numbers.
Further research is needed to explore these findings
and to evaluate the impact of illness, relationships in the
family, and family communication on the development of
risk appraisal. In keeping with other findings in this
analysis, lower CWS scores were associated with a reduced
tendency to overestimate the personal risk of breast
cancer. There was no clear relationship between age at
time of assessment and impact of bereavement, although
it was noted that the most vulnerable group were on
average three to four years younger than the rest of
the women. They may have been closer in time to their
loss and its impact, but the small size of two of the
subgroups and range of times of death made any further
exploration of the data unreliable. It will be of interest
to follow the women with the higher cancer worry scores
to find out the extent to which they seek genetic testing
and preventative options, compared with the other
subgroups.

From a clinical perspective, it is important to know
whether the more general levels of cancer worry reported
interfere with daily living and aVect high risk women’s
overall quality of life. Our earlier research on a similar
cohort suggests that psychiatric morbidity is not high in

women with a family history of cancer,4 and factors other
than personal risk seem to play a part in the aetiology of
these disorders. However, early loss of a mother does have
an ongoing negative impact on the personal lives and men-
tal health of some high risk women.

Given the level of risk and nature of the family histories
in these clinic attendees, it is understandable that worries
about breast cancer will exist. It is important to identify
those women for whom such worries are intrusive and
impair their day to day functioning, rather than to assume
that all cancer worry is pathological. A review of published
data suggests that a certain amount of anxiety is associated
with optimal compliance with health care behaviour and it
is the extremes of too little or too much that should be
avoided.11

In conclusion, cancer worry is unlikely to be relieved by
a single, brief consultation for genetic risk counselling, but
levels of worry are not for the most part associated with
dysfunction or deemed problematical. Research is needed
to find out whether women with more intrusive cancer
worry, and particularly those bereaved in adolescence,
would benefit from psychological intervention, but clearly
such support would not be warranted as a routine in the
cancer genetics clinic. The finding that women bereaved
under the age of 10 had lower cancer worry scores and were
less likely to overestimate their risk despite having higher
calculated risks of breast cancer warrants confirmation and
further exploration.
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NOTICE

International Standing Committee on Human Cytogenetic
Nomenclature (ISCN)

New members of the ISCN will be elected at an open meeting of
cytogeneticists on Wednesday 16 May 2001, during the 10th
International Congress of Human Genetics in Vienna (see

programme for venue). The Committee is elected for five years and
consists of five members from Europe, USA, and Canada and two
from the remaining geographical areas. Nominations of candidates
interested in serving on the committee should be submitted before
15 March 2001. Only candidates nominated before 15 March 2001
will be put on the ballot paper. Those who are interested in voting but
are unable to attend the meeting in Vienna can request ballot papers
before 1 April 2001.

Nominations and ballot papers can be obtained from: Sheila
Youings, Research Associate to Professor P A Jacobs, Wessex
Regional Genetics Laboratory, Salisbury District Hospital, Salisbury,
Wiltshire SP2 8BJ, UK. Fax: +44 (0)1722 338095 or 3311531,
e-mail: syouings@ dial.pipex. com
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