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Polymorphisms in PTEN in breast cancer families

Bryan T Carroll, Fergus J Couch, Timothy R Rebbeck, Barbara L Weber

Abstract
Germline mutations in PTEN are the
underlying genetic defect in Cowden dis-
ease, which is associated with a lifetime
risk of 25-50% of developing breast cancer.
To investigate the role of PTEN in inher-
ited breast cancer in the absence of mani-
festations of Cowden disease, we screened
177 unrelated subjects with breast cancer
who also had a family history of breast
cancer in at least one relative. We found no
disease associated PTEN mutations in this
cohort, supporting previous studies sug-
gesting that PTEN mutations do not
contribute to inherited susceptibility to
breast cancer without associated manifes-
tations of Cowden disease. We did identify
an association between a common poly-
morphism in intron 4 and lower mean age
of diagnosis of breast cancer. While pre-
liminary, these findings suggest that fur-
ther study is warranted to determine
whether this allelic variant of PTEN could
function as a low penetrance breast cancer
susceptibility allele.
(J Med Genet 1999;36:94–96)
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PTEN/MMAC1/TEP1, located on chromo-
some 10q23, codes for a tyrosine phosphatase
with putative tumour suppressing abilities.1

Germline mutations of PTEN are thought to
be responsible for Cowden disease, which is
characterised by multiple benign and malig-
nant neoplasms including breast cancer, thy-
roid cancer, and intestinal polyps.2 3 Somatic
mutations in PTEN have been implicated in
the tumorigenesis of several types of cancers,
including glioblastoma, breast cancer (in as-
sociation with Cowden disease), advanced
prostate cancer, thyroid cancer (in association
with Cowden disease), and endometrial
cancer.4–7 Mutations of PTEN have been

reported in 44 of 90 Cowden disease families
described to date.3 8–10 Mutations of PTEN
have also been identified in families with
Bannayan-Zonana syndrome,10–12 a disorder
that shares some clinical features with Cowden
disease. The lifetime breast cancer risk in
women with Cowden disease is estimated to be
25-50%.10 Therefore, several groups have
evaluated whether germline mutations in
PTEN explain an inherited susceptibility to
breast cancer in women.8 9 13 PTEN mutations
have been identified in women with breast can-
cer from Cowden disease families. However, no
germline PTEN mutations have been reported
in women with inherited susceptibility to breast
cancer in the absence of other manifestations of
Cowden disease. Nonetheless, the prevalence
of breast cancer in Cowden disease families
and the occurrence of somatic PTEN muta-
tions in a small subset of sporadic breast
tumours suggests that variants of PTEN could
contribute to breast tumorigenesis, including
inherited breast cancers.

To investigate the role of germline PTEN
variants in inherited breast cancer, we screened
177 unrelated probands aVected with breast
cancer or ovarian cancer, who also had a fam-
ily history of breast cancer, for PTEN muta-
tions. Of these, 151 were women and 26 were
men. All of the probands had been screened
for, but did not have, detectable mutations in
the hereditary breast cancer genes BRCA1 or
BRCA2. Several tumour types, in addition to
breast or ovarian cancer, that have been previ-
ously shown to be related to PTEN mutations
or Cowden disease were diagnosed in some
probands. These included three subjects with
thyroid cancer, two with endometrial cancer,
and one with a brain tumour. Thirty-five of the
probands had a family history of male breast
cancer, with 26 probands being aVected males.
All samples were screened for PTEN muta-
tions by conformation sensitive gel electro-
phoresis (CSGE)14 using primers as described
by Steck et al.15 A total of four diVerent

Table 1 Polymorphisms seen in PTEN in patients with breast cancer and a family history of breast cancer

Exon/intron Variant Observations Frequency Comments

IVS1 82-126A>G 1/177 0.006
IVS1 82-4A>G 1/177 0.006 No eVect on splicing by in vitro and in vivo

assays
IVS4 210+109ins5 66/177 0.37 Associated with decreased age of breast cancer

diagnosis in insertion homozygotes
IVS9 1212+65insA 4/177 0.02

J Med Genet 1999;36:94–9694

Department of
Medicine, University
of Pennsylvania School
of Medicine, 422 Curie
Blvd, Room 1009,
Stellar-Chance
Laboratories,
Philadelphia, PA
19104, USA
B T Carroll
B L Weber

Department of
Genetics, University of
Pennsylvania,
Philadelphia, PA, USA
B L Weber

Department of
Laboratory Medicine
and Pathology, Mayo
Clinic, USA
F J Couch

Department of
Biostatistics and
Epidemiology,
University of
Pennsylvania,
Philadelphia, USA
T R Rebbeck

Correspondence to:
Dr Weber.

Received 11 August 1998
Revised version accepted for
publication 15 October 1998

 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.36.2.94 on 1 F
ebruary 1999. D

ow
nloaded from

 
 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.36.2.94 on 1 F

ebruary 1999. D
ow

nloaded from
 

 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.36.2.94 on 1 F
ebruary 1999. D

ow
nloaded from

 
 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.36.2.94 on 1 F

ebruary 1999. D
ow

nloaded from
 

 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.36.2.94 on 1 F
ebruary 1999. D

ow
nloaded from

 
 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.36.2.94 on 1 F

ebruary 1999. D
ow

nloaded from
 

 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.36.2.94 on 1 F
ebruary 1999. D

ow
nloaded from

 
 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.36.2.94 on 1 F

ebruary 1999. D
ow

nloaded from
 

 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.36.2.94 on 1 F
ebruary 1999. D

ow
nloaded from

 
 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.36.2.94 on 1 F

ebruary 1999. D
ow

nloaded from
 

 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.36.2.94 on 1 F
ebruary 1999. D

ow
nloaded from

 
 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.36.2.94 on 1 F

ebruary 1999. D
ow

nloaded from
 

 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.36.2.94 on 1 F
ebruary 1999. D

ow
nloaded from

 
 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.36.2.94 on 1 F

ebruary 1999. D
ow

nloaded from
 

 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.36.2.94 on 1 F
ebruary 1999. D

ow
nloaded from

 
 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.36.2.94 on 1 F

ebruary 1999. D
ow

nloaded from
 

 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.36.2.94 on 1 F
ebruary 1999. D

ow
nloaded from

 
 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.36.2.94 on 1 F

ebruary 1999. D
ow

nloaded from
 

 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.36.2.94 on 1 F
ebruary 1999. D

ow
nloaded from

 
 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.36.2.94 on 1 F

ebruary 1999. D
ow

nloaded from
 

 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.36.2.94 on 1 F
ebruary 1999. D

ow
nloaded from

 
 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.36.2.94 on 1 F

ebruary 1999. D
ow

nloaded from
 

 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.36.2.94 on 1 F
ebruary 1999. D

ow
nloaded from

 
 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.36.2.94 on 1 F

ebruary 1999. D
ow

nloaded from
 

 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.36.2.94 on 1 F
ebruary 1999. D

ow
nloaded from

 
 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.36.2.94 on 1 F

ebruary 1999. D
ow

nloaded from
 

 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.36.2.94 on 1 F
ebruary 1999. D

ow
nloaded from

 
 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.36.2.94 on 1 F

ebruary 1999. D
ow

nloaded from
 

 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.36.2.94 on 1 F
ebruary 1999. D

ow
nloaded from

 

http://jmg.bmj.com/
http://jmg.bmj.com/
http://jmg.bmj.com/
http://jmg.bmj.com/
http://jmg.bmj.com/
http://jmg.bmj.com/
http://jmg.bmj.com/
http://jmg.bmj.com/
http://jmg.bmj.com/
http://jmg.bmj.com/
http://jmg.bmj.com/
http://jmg.bmj.com/
http://jmg.bmj.com/
http://jmg.bmj.com/
http://jmg.bmj.com/
http://jmg.bmj.com/
http://jmg.bmj.com/
http://jmg.bmj.com/
http://jmg.bmj.com/
http://jmg.bmj.com/
http://jmg.bmj.com/
http://jmg.bmj.com/
http://jmg.bmj.com/
http://jmg.bmj.com/
http://jmg.bmj.com/
http://jmg.bmj.com/
http://jmg.bmj.com/
http://jmg.bmj.com/
http://jmg.bmj.com/


variants were identified in nine of 177 subjects
(table 1).

Two novel variants, IVS1, 82-126A>G and
IVS 9, 1212+65insA, identified in five unre-
lated subjects, are presumed to be too distant
from the PTEN exons to aVect normal
function. One is a transition from an A to G,
positioned in intron 1, 126 bp upstream of
exon 2 in one subject. The other is a single A
inserted into a string of 10 As, positioned 65 bp
downstream of exon 9 in the ninth intron in
four subjects. Neither variant was associated
with bilateral breast cancer, younger age of
breast cancer diagnosis, nor with primary
tumours at other sites associated with Cowden
disease.

The third variant, IVS1, 82-4A>G, identi-
fied in one subject, was an A to G transition
located in intron 1, 4 bp upstream of exon 2.
This variant falls within a consensus splice
acceptor site. However, this variant is at a non-
conserved site within the consensus splice
acceptor sequence, suggesting that a variant at
this position would not aVect splicing. In order
to evaluate the possibility that this sequence
change could disrupt splicing, we both con-
structed a splicing vector with this sequence
and analysed PTEN RNA from the peripheral
blood lymphocytes of an aVected carrier of this
variant.

Splicing vectors were created by inserting
DNA containing exon 2 and a portion of the
adjoining introns into a pSPL3 exon trapping
vector (GIBCO BRL). The pSPL3 vector con-
sists of two short exons with functional splice
sites separated by an intronic segment that
contains the multiple cloning site (fig 1A).
When transfected into eukaryotic cells, these
splice sites are functional and the resulting
DNA fragment is transcribed. The resulting
RNA is then analysed followed reverse tran-
scription and PCR amplification. We amplified
patient DNA using primers in introns 2 and 3,
inserted the product into pCR2.1 cloning vec-
tors, and then transferred the fragments into
the pSPL3 vector to make three plasmids: (1) a
wild type sequence, (2) the 82-4A>G sequence
in the reverse orientation, and (3) the 82-4
A>G sequence in the forward orientation. The
three constructs were transfected into Cos 7
cells according to the manufacturer’s recom-
mended protocols. At 24 hours, RNA was har-

vested and reverse transcribed. Primers
(dUSD2 and dUSA4) within the two vector
exons were used to amplify products from the
three pools of cDNA. No alternatively spliced
fragments resulting from the 82-4A>G (IVS1)
variant were detected (fig 1B).

In addition, peripheral blood lymphocytes
were obtained from the aVected subject.
Random primed cDNA was amplified with
primers from exon 1 and exon 3 (5'GCCAT-
CATCAAAGAGATCG3' and 5'CTAGCT-
GTGGTGGGTTATGG3'). The size of the
resulting single band was consistent with the in
vitro splicing data, suggesting that the 82-4
A>G (IVS1) variant did not disrupt splicing
(fig 1C). Thus, it is likely that this variant is not
a disease associated mutation.

The fourth variant, IVS4, 210+109ins5,
identified in 37% of alleles (66 of 177 patients),
is an ACTAA insertion 109 bp downstream of
exon 4 in intron 4. As shown in fig 2, the mean
age of diagnosis for homozygous normal and
heterozygous subjects was 48.1 years, which
was significantly diVerent from the mean age of
diagnosis of 42.7 years (÷2

1=0.024) for subjects
homozygous for the insertion variant. No effect
was observed in the age of male breast cancer
diagnosis, although the small sample size may
have limited our ability to detect such a diVer-
ence. While this polymorphism has been
reported by three other groups,7 16 17 no similar
eVect on age of diagnosis in any tumour types
has been reported. The frequency of the 5 bp
insertion allele is similar to the 40% of alleles
reported in another study,17 but is diVerent
from the 53% and 54% of alleles identified in
the two reports of sporadic tumours.7 16

The potential functional role of the 5 bp
insertion in the modification of age at breast
cancer diagnosis is not clear. Of note, the
frequency of mutations and the presence of the
phosphatase core motif in the adjoining exon 5
have led to exon 5 being described as a “hot
spot” for mutations in Cowden disease.3 10

Whether 210+109ins5 (IVS4) disrupts splicing
or expression is unknown. The region has no
homology to consensus sites or lariat formation
sites. The variant position, next to an exon that
is a hot spot for Cowden disease mutations,
suggests that a splicing error deleting exon 5
could have a potentially significant eVect.
However, no alternative splice forms were

Figure 1 Construction of a splicing vector with the IVS1 82-4A>G mutation and analysis of RNA of an aVected carrier.
(A) A wild type sequence, the 82-4A>G sequence in reverse orientation, and the 82-4A>G sequence in the forward
orientation were inserted into a pSPL3 exon trapping vector (GIBCO BRL). (B) RNA from cells transfected with the
constructs were transcribed and amplified with dUSD2 and dUSA4 primers. (C) Randomly primed cDNA derived from
peripheral blood lymphocytes was amplified with primers within exon 1 and exon 3.
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identified in any of the three genotypes using
RT-PCR across exon 5 (5'AGACATTAT-
GACACCGCCA3' and 5'CAACAGT-
GCCACTGGTCTA3') (data not shown). Al-
ternatively, this variant may be in linkage
disequilibrium with a functional mutation in
another gene. While the eVect of the variant
may be tissue specific and thus not detected by
the methods used here, any functional eVect
remains speculative.

As in the two previous reports describing
PTEN mutation studies in breast cancer fami-
lies, there were no PTEN coding region muta-
tions in any of the non-BRCA1, non-BRCA2
breast cancer families studied in this analysis.
Based on our experience with CSGE for muta-
tion analysis in other genes, we estimate the
sensitivity of this heteroduplex detection tech-
nique to be in the range of 95-98%, far superior
to single strand conformation polymorphism
(SSCP) analysis in our hands.18 These data add
further support to the growing body of
evidence that while there is convincing evi-
dence for the role of PTEN in Cowden disease,
which includes an increased risk for developing
breast cancer, germline coding mutations in
PTEN do not play a role in the inheritance of
susceptibility for breast cancer in site specific
breast cancer families. As Cowden disease is
both rare and generally recognisable as a clini-
cal entity, our data do not support clinical test-
ing for PTEN mutations as part of the evalua-
tion of familial breast cancer if other evidence
of Cowden disease is lacking.

While germline coding region mutations in
PTEN do not appear to explain a significant
number of non-BRCA1, non-BRCA2 inher-
ited breast cancer, the 210+109ins5 (IVS4)
polymorphism is associated with earlier age of
breast cancer diagnosis in our familial breast
cancer cohort, and suggests that PTEN could
be acting as a modifier gene in this setting.
More detailed studies of the function of PTEN
and the 5 bp insertion polymorphism may help
elucidate the role of PTEN.
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Letters to the Editor

J Med Genet 2000;37:533–536

Incidence of germline hMLH1 and
hMSH2 mutations (HNPCC patients)
among newly diagnosed colorectal
cancers in a Slovenian population

EDITOR—Hereditary non-polyposis colorectal cancer
(HNPCC) syndrome is a common autosomal dominant
predisposition to colorectal cancer. Clinical diagnostic fea-
tures of sporadic and HNPCC associated colorectal cancer
do not diVer significantly and until recently the identifica-
tion of HNPCC patients was based mainly on their family
history. Because of the importance for relatives of HNPCC
patients to be clinically examined frequently in order to
detect the disease at an early, curable stage, the
International Collaborative Group (ICG) on HNPCC
proposed criteria for identification of HNPCC families.
According to the guidelines agreed by the ICG in Amster-
dam in 1990, an HNPCC family has to fulfil the following
criteria: there should be at least three relatives with colo-
rectal cancer (one of whom is a first degree relative to the
other two), at least two successive generations should be
aVected, and one relative should be diagnosed under the
age of 50.1 CRC patients with HNPCC syndrome can also
develop cancer of the endometrium, stomach, ovary, and
urinary and hepatobiliary tracts.2–5 In several epidemiologi-
cal studies, the incidence of HNPCC has been estimated to
be between 0.5%6 and 15%3 of all colorectal cancers. The
identification of mismatch repair genes (MMR), of which
at least five (hMLH1,7 8 hMSH2,9 10 PMS1,9 10 PMS2,7 and
hMSH6 (GTBP)11) are associated with HNPCC, has ena-
bled mutational analysis in families fulfilling complete or
partial Amsterdam criteria. Carriers of germline MMR
mutations have a higher than 80% risk for cancer by the age
of 75.2 The great majority of germline mutations were
found in approximately equal proportions in hMLH1 and
hMSH2, while mutations in the other three MMR genes
have been reported only in a limited number of cases.12

Germline hMLH1 and hMSH2 mutations were also found
in a considerable proportion of colorectal cancer patients
from families not fulfilling the Amsterdam criteria,13 espe-
cially if they were young,14 15 indicating that some HNPCC
families might be missed if they are preselected before
mutational analysis.

Mutations in MMR genes result in microsatellite
instability (MSI),16 which is characteristic of more than
90% of tumours in HNPCC patients but was also found in
12-15% of sporadic colorectal tumours.17–19 In the absence
of other diagnostic criteria, MSI analysis of tumours could
be valuable markers in HNPCC identification.

Here we report an eVective MSI analysis of CRC and
subsequent mutational analysis of the hMLH1 and hMSH2
genes in tumours with considerable MSI for identification
of HNPCC among randomly collected, newly diagnosed
colorectal cancers. This approach allowed us to identify
HNPCC families and to estimate the minimal incidence of
HNPCC in a Slovenian population based solely on
molecular genetic analysis.

Primary colorectal adenocarcinomas and corresponding
normal tissue samples were collected from patients who
gave consent for testing of their DNA. Between 1996 and

1998, 300 newly diagnosed CRC patients from clinics all
over Slovenia participated in this study. The sample of
CRC is thus representative for the Slovenian population.
All samples were gathered in a central institution where
two physicians histologically evaluated each resection for a
high proportion of tumour tissue. We also confirmed a high
proportion of cancer cells versus normal cells in tumour
tissue in many samples that exhibited LOH during MSI
analysis. Normal colorectal mucosa taken from a site
distant from the tumour was used as a normal control in
the study.

We isolated DNA after tissue digestion using standard
phenol/chloroform extraction and ethanol precipitation
from frozen colorectal tumours and corresponding normal
tissue samples. For MSI analysis of tumour and control

Figure 1 Strategy of molecular genetic based identification of HNPCC
patients. (A) Microsatellite instability (MSI) analysis; D2S123 and
MYCLY microsatellite markers were amplified in a multiplex PCR
reaction and products were resolved on a 6% denaturing gel and silver
stained. Tumour samples 1-3 exhibit MSI at both markers while sample 4
exhibits MSI only at D2S123. N=normal, TU=tumour. (B) SSCP
analysis of hMLH1 exon and exon/intron boundary 9; aberrant bands in
sample 2 indicates sequence alteration. (C) Sequence analysis of
exon/intron boundary 9 of hMLH1 gene of sample 2. Arrow indicates
heterozygous A→G substitution.
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tissue pairs, we tested the majority of samples with the fol-
lowing markers: mononucleotides BAT26,11 BAT25,11 and
BAT40,20 dinucleotides D2S123,21 D5S346,22 TP53,23

D11S1294,24 D112179,24 D17S250,25 D18S58,26 and
D18S69,21 and tetranucleotide MYCLY.27 Tumours were
scored as high MSI if more than 40% of tested markers
were positive and were scored as low MSI if less than 20%
of tested markers were positive. During the analysis, it
turned out that for determination of high MSI status four
selected markers were suYcient, BAT26, D2123, BAT25,
and D5S346. Therefore, we analysed additional samples in
multiplex PCR reactions for microsatellite markers BAT26
and D2123, and BAT25 and D5S346, respectively. In this
case, tumour tissue was scored as high MSI if at least two
of four markers were altered.

MSI analysis was performed as previously described.28

Briefly, after PCR amplification products were run on a
thin (0.4 mm) denaturing polyacrylamide gel matrix fixed
on one of the glass plates followed by an optimised silver
staining protocol that markedly improved the resolution.
MSI was detected as some additional bands in tumour
DNA compared to control DNA (fig 1A).

For mutational analysis of hMLH1 and hMSH2
mismatch repair genes (MMR), we used PCR/non-isotopic
conformation analysis (article in preparation). The basic
principle of this method is a combination of three analyses
which are all based on changes in three dimensional DNA
structures, that is, single strand conformation analysis
(SSCA), heteroduplex analysis (HA), and double strand
conformation analysis (DSCA). We conducted them
simultaneously on the same thin polyacrylamide gel.

Altogether, of 300 randomly collected primary colorec-
tal tumours, 29 (9.7%) were classified as high MSI
tumours and 23 (7.7%) as low MSI tumours. The use of
BAT26 only has been previously proposed for determina-
tion of high MSI status.29 30 Our results show that using
only this marker we would have missed one of 29 high MSI
tumours. On the other hand, no low MSI tumour was
positive for BAT26 or BAT25.

Genomic DNA from 29 subjects with high microsatellite
instability tumours were further analysed for the presence
of germline mutations in two MMR genes. The whole
coding regions as well as all exon/intron boundaries of
hMLH1 and hMSH2 were tested with PCR/
conformational analysis. We observed 17 diVerent aberrant
gel migrations in 29 DNA samples from patients with high

MSI tumours. All 17 alterations were detected as single
stranded conformational polymorphisms, one sample also
showed altered double stranded conformation, and in two
samples heteroduplexes were also formed. Eleven altera-
tions were in hMLH1 and six in hMSH2. Sequencing
showed four presumably pathogenic mutations, three in
hMLH1 and one in hMSH2 (table 1). A new polymor-
phism IVS9+10A>G in hMLH1 (allele frequency 0.02)
has also been detected (fig 1B, C).

Mutations G67R and I655T in hMLH1 have been pre-
viously reported31 32 in connection with hereditary bowel
cancer, while Q562X has been detected for the first time
among Slovenian patients with high MSI CRC tumours.
We also detected a germline deletion of three consecutive
amino acids from 188-190 in hMSH2 in a person with a
high MSI tumour (OG/97-2426-T). The same mutation
was previously found in a Slovenian patient (HNPCC-8-
2B) with a family history of CRC.33 Although these two
patients live in diVerent parts of Slovenia and have diVerent
family names, a retrospective pedigree search showed
common roots two generations back and resulted in the
identification of an extensive Slovenian HNPCC pedigree
(fig 2). Similarly, other patients with germline mutations
were contacted for their family history. All patients with
germline mutations accessed via MSI analysis had at least
one first degree relative with HNPCC associated cancer.

In this study, we used a molecular genetic approach for
identification of HNPCC families. Our approach was
based firstly on microsatellite instability (MSI) analysis of
newly diagnosed randomly collected CRC and subse-
quently on mutational analysis of mismatch repair genes
(MMR) in MSI positive tumours. We used a solely
molecular genetic approach for detecting HNPCC families
because (1) a considerable proportion of germline MMR
mutations were found in patients from families not fulfill-
ing the Amsterdam criteria,13–15 and (2) access to well
organised cancer registries is not available in many
countries. In Slovenia, a cancer registry exists but it does
not contain family data. No specialised registries for
hereditary forms of cancer are available. In our first
attempt to identify Slovenian HNPCC families, 600 colo-
rectal cancer patients were questioned for their family his-
tory data. A total of 44 patients reported at least one first
degree relative with CRC and 16 families agreed to
contribute blood samples for DNA analysis. Germline
mutation was detected in one family only.33 This approach

Table 1 Pathogenic germline hMLH1 and hMSH2 mutations identified in high MSI tumours

Gene and patient Exon Nucleotide change Consequence Reference

hMLH1
OG/98-2989 2 199 G→A G67R 31
OG/97-4266 15 1684 C→T Q562X This study
OG/97-3941 17 1964 T→C I655T 32
hMSH2
OG/97-2426 3 561 del TGAGGCTCT In frame del of codons 188-190 33

Figure 2 Extended Slovenian HNPCC family with deletion of three amino acids (188-190) in hMSH2. We found this germline deletion in a subject with
high MSI tumour (OG/97-2426). We also previously detected the same mutation in a Slovenian patient (HNPCC-8-2B) with a family history of CRC.32

A retrospective pedigree search showed common roots of both patients’ families two generations back. The resulting extended HNPCC family spans six
generations and has 162 family members. AVected members are shaded. Presymptomatic DNA testing identified five non-carriers and one carrier of the
mutation (8-7).

8-3

8-1 8-28

8-4 8-5
8-7 8-6

OG/97-2426
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showed some inaccuracy of data obtained directly from
patients and suggested that epidemiological studies of
HNPCC incidence based on patients’ answers should be
treated with caution.

With a molecular genetic approach, we found germline
mutations in four out of 300 newly diagnosed colorectal
cancers. These four alterations are unambiguously patho-
genic mutations; one is a deletion, one is nonsense, and two
are missense mutations. Two mutations are so far specific
for Slovenian families: a deletion of codons 188-190 in
exon 3 of hMSH2 (fig 2) and a C to T substitution in exon
15 of hMLH1 resulting in a stop codon at 562. A substitu-
tion of Ile to Thr at codon 655 detected in a patient
OG/97-3941 was previously reported in a patient with gas-
tric carcinoma.32 Interestingly, also, Slovenian patient
OG/97-3941 had a metachronic gastric cancer two years
after colon cancer. The Gln to Arg substitution at codon 67
was previously described in a Swedish HNPCC family31

and its pathogenicity was proved in a functional assay in
yeast.34

It is possible that we missed some tumours with MMR
gene mutation, because we analysed only MSI positive
tumours. Cases with MMR mutations without MSI were
also reported.15 However, 1.3% (4/300) tumours with
germline MMR gene mutations in the Slovenian popula-
tion is lower than the 2% observed in a similar study in a
Finnish population. If the common ancestral Finnish spe-
cific mutation, which accounts for a half of all Finnish
HNPCC families,35 is excluded the percentage in our
country is even higher than in Finland. No comparison
with other populations using a similar approach is
currently available. Finnish and Slovenian molecular
genetic based estimations of HNPCC incidence are
considerably lower than the 5-10% estimated in the major-
ity of epidemiological studies.36 However, Evans et al37 also
reported the incidence of HNPCC to be 1.4%. Their
population based study of 1137 consecutive cases of colo-
rectal cancer showed a lower frequency of familial bowel
cancer than previous studies and may reflect a lower inci-
dence of inherited mutations in the HNPCC MMR genes
than is currently accepted.37 Since germline mutation in
MMR genes is a reliable indicator of HNPCC syndrome,
the estimation of incidence of this hereditary disorder in a
Slovenian population could be calculated. If we consider
19 000 newborns annually and 850 newly diagnosed
colorectal cancer cases annually38 (of which 1.3% have
germline MMR gene mutation), the HNPCC incidence in
the Slovenian population is approximately 1 in 1700.
However, this estimate represents the absolute minimum.
It is possible that we missed some mutations because of
technical limitations and because we did not analyse three
minor genes (hPMS1, hPMS2, and hMSH6), which are
also predisposing factors for HNPCC. Another reason for
underestimation of the disease frequency might be that we
only searched for mutations in patients with colorectal
cancer, but this cancer accounts for only approximately
two thirds of cancers in HNPCC aVected families.39

The proportion of patients younger than 50 years in our
study was the same as it is for colorectal cancer patients in
the complete National Cancer Registry indicating that
there was no bias in overestimation according to age.

With molecular genetic analysis of colorectal cancers, we
were able to identify Slovenian families with a hereditary
form of CRC. Only patients with germline MMR
mutations who wished to be acquainted with the results of
DNA testing were further contacted by both a gastroenter-
ologist and a geneticist for future medical surveillance and
family history data. Some extended HNPCC pedigrees
have thus been detected. Through this study, we succeeded
in providing more information about the role of molecular

genetic analysis to general physicians and HNPCC family
members. Presymptomatic DNA testing was oVered to
well informed and consenting non-symptomatic relatives.
A prevention programme in the sense of periodic clinical
examination of relatives with a constitutional mutation has
been initiated. In particular, records of young CRC
patients have been re-examined for family and clinical data
and additional potential HNPCC families have been iden-
tified. This enabled us to initiate building of a national
HNPCC registry.

We conclude that a molecular genetic approach with
evaluated genetic markers for eYcient MSI analysis and
subsequent MMR gene analysis of patients with MSI
positive tumours is valuable for identification and surveil-
lance of HNPCC families and may serve also as a model
for detection of familial cases of CRC in other
populations.
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atellite markers for eYcient assessment of high microsatellite unstable
colorectal tumors. Pfluger Arch (in press).

29 Zhou XP, Hoang JM, Cottu P, Thomas G, Hamelin R. Allelic profiles of
mononucleotide repeat microsatellites in control individuals and in
colorectal tumors with and without replication errors. Oncogene 1997;
151713-18.

30 Hoang JM, Cottu PH, Thuille B, Salmon RJ, Thomas G, Hamelin R. BAT-
26, an indicator of the replication error phenotype in colorectal cancers and
cell lines. Cancer Res 1997;57:300-3.

31 Tannergard P, Lipford JR, Kolodner R, Frodin JE, Nordenskjold M, Lind-
blom A. Mutation screening in the hMLH1 gene in Swedish hereditary
nonpolyposis colon cancer families. Cancer Res 1995;55:6092-6.

32 Keller G, Grimm V, Vogelsang H, BischoV P, Mueller J, Siewert JR, Hofler
H. Analysis for microsatellite instability and mutations of the DNA
mismatch repair gene hMLH1 in familial gastric cancer. Int J Cancer 1996;
68:571-6.
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Does the survival motor neuron
protein (SMN) interact with Bcl-2?

EDITOR—Spinal muscular atrophy (SMA) is an autosomal
recessive disease resulting from mutations in the telomeric
copy of the survival motor neuron gene (SMN1),1–7 which
results in reduced expression of the survival of motor neu-
ron protein (SMN).4 7 The SMN protein is ubiquitously
expressed but is found at high levels in motor neurons.4 7 8

The SMN protein associates with Sm proteins,9 10 SIP-1
protein,9 10 and itself.8–11 SMN is found in structures
termed gems8 that are associated with coiled bodies in the
nucleus. The SMN protein is involved in RNA biogenesis10

and is important for the maturation of a functional snRNP
complex that performs splicing.12 The complete loss of
SMN is lethal13 whereas the low levels of SMN found in
SMA cause loss of the motor neurons.4 7 The mechanism
by which the reduction of SMN protein results in the loss
of motor neurones is unknown. Some groups have
suggested it occurs by apoptosis.14 15 Apoptosis is a
conserved, highly regulated mechanism of non-chronic cell
death for the removal of surplus, aged, or damaged cells.15

Apoptosis is regulated by the interactions of apoptosis ago-
nists and antagonist with the Bcl-2 protein being one of the
key inhibitors of apoptosis.16

Recently Iwahashi et al17 have suggested a direct interac-
tion between SMN and Bcl-2 using transfected constructs.
In an eVort to confirm and extend their results, we have
attempted to coimmunoprecipitate SMN and Bcl-2 both
in a native environment and using transfected cells. The
SMN protein and Bcl-2 are expressed in Jurkat cells and in
spinal cord. Jurkat cells are a human lymphoblast T cell
line that has been previously shown to express Bcl-2 and
can be induced to undergo apoptosis.18 19

Immunoprecipitation experiments were performed
using two diVerent methods.17 20 Fig 1A shows a western
blot of the immunoprecipitation reactions using the

method of Iwahashi et al.17 Jurkat cell lysate was
precipitated with anti-SMN (MANSMA2), anti-Bcl-2
(Bcl-2(100)), and anti-dystrophin (MANDYS-1) mono-
clonal antibodies. The precipitated proteins were western
blotted and probed with anti-SMN or anti-Bcl-2 polyclo-
nal antibodies. As shown in fig 1A-1, anti-SMN polyclonal
antibody SMN-C3 detects SMN only in the immunopre-
cipitation using anti-SMN monoclonal antibody
MANSMA2 and not in the immunoprecipitation reaction
using anti-Bcl-2 monoclonal Bcl-2(100). The reciprocal
experiment is shown in fig 1A-2 in which the blot is
probed with anti-Bcl-2 polyclonal antibody Bcl-2 (ÄC21).
Bcl-2 is detected only in the immunoprecipitation reaction
using Bcl-2(100) but not in the sample immunoprecipi-
tated with MANSMA2. The blots were stripped and rep-
robed with the anti-Bag-1 (fig 1A-3) and anti-Sm
antibody Y12 (fig 1A-4). Sm proteins and Bag-1 have
been previously shown to interact with SMN and Bcl-2
respectively and act as controls for the immunoprecipita-
tion procedure.8 21 The expected results were obtained
with Bcl-2 antibodies immunoprecipitating Bag-1 and
SMN antibodies precipitating Sm proteins. Similar results
were obtained using Jurkat cells undergoing apoptosis
after induction with phytohaemagglutinin (data not
shown).

In normal spinal cord (fig 1B), SMN-C3 detects a 38
kDa band in the immunoprecipitation reaction using
MANSMA2 but not in the immunoprecipitation reactions
using Bcl-2(100) or MANDYS-1. Similarly, in the recipro-
cal experiment, the anti-Bcl-2 rabbit polyclonal antibody
Bcl-2 (ÄC21) detects a 29 kDa band only in the sample
immunoprecipitated with Bcl-2(100) and not in the other
immunoprecipitation reactions.

As immunoprecipitation experiments failed to show a
direct interaction of native SMN and Bcl-2 in proliferating
and apoptotic Jurkat cells and in spinal cord, we
investigated cells transfected with SMN/Bcl-2 expression
constructs. We have prepared various SMN expression
constructs with or without the HA epitope tag at the
amino-terminus. Immunoprecipitations were performed
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on the transfected cells using an HA epitope monoclonal
and the Bcl-2 antibodies described above. The HA
antibodies resulted in immunoprecipitation of SMN and
not Bcl-2 whereas Bcl-2 antibodies immunoprecipitated
Bcl-2 alone (fig 2A). The transfection studies provided no
evidence for interaction of SMN and Bcl-2.

Dual labelling of COS-7 cells cotransfected with SMN
and HA tagged SIP-1 expression constructs shows SMN
and SIP-1 are colocalised as previously reported (fig 2B).9

Dual labelling of SMN and Bcl-2 using cotransfection of
a HA tagged SMN expression construct and a Bcl-2
expression construct failed to show convincing colocalisa-
tion of SMN and Bcl-2 in either COS-7 (fig 2C) or HeLa
cells (not shown). As seen in fig 2C, in the cotransfected
cell Bcl-2 is expressed abundantly throughout the
cytoplasm. Similarly, overexpressed SMN is located in
gems, cytoplasmic particles, and throughout the cyto-
plasm. Even under these conditions of extreme overex-
pression, there is no clear example of colocalisation, as
would be expected if they associate. The apparent associ-

ation of diVuse staining of SMN and Bcl-2 in the
cytoplasm most likely arises from overlapping expression
distributions as supported by the immunoprecipitation
results.

Although we cannot exclude the possibility that
SMN and Bcl-2 interact indirectly with each other in
cell death pathways, these results strongly indicate that
SMN and Bcl-2 do not directly interact in vivo. It is
most likely that the high expression levels in the
experiments of Iwahashi et al17 resulted in artefactual
aggregation of Bcl-2 and SMN and that this interaction
does not exist in vivo. In order to show clearly a synergis-
tic eVect of Bcl-2 and SMN either by direct or indirect
mechanisms, it is important to eliminate the possibility
that transfection of SMN increases Bcl-2 levels. It appears
most likely that the reduction in SMN levels results in
ineYcient splicing which leads to a reduction or accumu-
lation of a critical product that causes death of the motor
neurons.

Figure 1 (A). Endogenous SMN and Bcl-2 are not coimmunoprecipitated from Jurkat cells. Shown is a western blot of proteins immunoprecipitated
with anti-Bcl2 (Bcl-2(100)), anti-SMN (MANSMA2), and control (MANDYS-1)22 monoclonal antibodies. The western blot was serially probed with
the antibodies shown below the blot as previously described.7 1 SMN protein (arrow), as detected with anti-SMN chicken polyclonal antibody C3,7 is
immunoprecipitated with MANSMA2 and not coimmunoprecipitated with Bcl-2. 2 Bcl-2 protein (arrow), as detected with the anti-Bcl-2 polyclonal
antibody Bcl-2(ÄC21), is immunoprecipitated with the Bcl-2(100), but is not coimmunoprecipitated with SMN. The 30 kDa band present in all three
lanes is non-specific and is probably the IgG light chain, as previously reported.17 3 Bag-1 protein, which is known to associate with Bcl-2, is
coimmunoprecipitated only with Bcl-2. This indicates immunoprecipitation conditions were suitable to precipitate associated proteins. 4 SM proteins
coprecipitate with SMN as detected with anti-SM polyclonal antibody Y12 as previously reported and are not immunoprecipitated with Bcl-2. This also
shows conditions were suitable to precipitate associated proteins. (B) Endogenous SMN and Bcl-2 are not coimmunoprecipitated from non-SMA spinal
cord. Shown is a western blot of spinal cord proteins immunoprecipitated with anti-Bcl-2 (Bcl-2(100)) (lane 2), anti-SMN (MANSMA2), and control
(MANDYS-1) monoclonal antibodies. The western blot was serially probed with the antibodies shown below the blot. 1 SMN is detected only in the
sample precipitated with MANSMA2 and is not coprecipitated with Bcl-2. 2 The reciprocal experiment shows Bcl-2 is precipitated only with Bcl-2(100)
and is not coimmunoprecipitated with SMN. (C) Western blot of unprecipitated Jurkat cell lysate and immunoprecipitations probed with anti-Bcl-2
(Bcl-2(ÄC21)) and anti-SMN (SMN C3) antibodies. Methods. Approximately 1.5 × 108 cells from subconfluent cultures were lysed with 1 ml of ice
cold lysis buVer.17 20 The lysate was preclarified by incubating the lysate with washed Omnisorb cells (Calbiochem) for 30 minutes on ice. The Omnisorb
cells were removed by centrifugation, and the preclarified lysate was divided into 3 aliquots of 300 µl each. Approximately 1 µg of anti-SMN
(MANSMA2) was added to the first aliquot, 1 µg of Bcl-2 (100) monoclonal (Santa Cruz Biotechnology, Santa Cruz, CA) was added to the second
aliquot, and 1 µg of the anti-dystrophin MANDYS-1 hybridoma supernatant was added to the last aliquot. MANDYS-1 was made from the same
myeloma cell line used to make MANSMA2. The antibodies were rocked on ice with the lysate for one hour to overnight. Immune complexes were
captured with protein G sepharose (Sigma). Briefly, 40 µl of a 50% suspension of protein G sepharose was washed with 1 ml of lysis buVer. The protein
G sepharose was pelleted and the pellet resuspended with the lysate. The lysate was rocked on ice for 30 minutes. The protein G sepharose was washed
with 1 ml of lysis buVer five times for five minutes on ice. The residual wash buVer was removed by aspiration and sepharose was boiled in 30 µl of SDS
buVer for two minutes. The samples were resolved by SDS-PAGE on 12% gels as described previously.7 Spinal cord collected from a type I SMA and a
non-SMA subject was dissected and ground into a fine powder in liquid nitrogen using a mortar and pestle. The powder was dissolved in 1 ml of Empigen
BB (1% Empigen BB, 5 mmol/l EDTA, 1 mmol/l PMSF, 5 mmol/l DTT, and 100 mmol/l Tris, pH 8, 10 µmol/l aprotinin, 1 µmol/l leupeptin, 1 µmol/l
pepstatin A)20 or the Iwahashi lysis buVer.17 The insoluble material was removed by centrifugation and immunoprecipitations carried out on the
supernatant as described above.
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Figure 2 (A) Immunoprecipitation of transiently transfected HA tagged SMN and Bcl-2 from COS-7 cells. COS-7 cells, transiently cotransfected with
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Novel mutations in the homogentisate-
1,2-dioxygenase gene identified in
Slovak patients with alkaptonuria

EDITOR—Alkaptonuria (AKU, McKusick No 203500), a
rare autosomal recessive disorder (1:250 000),1 is a classi-
cal example of a specific biochemical lesion leading to
degenerative disease. As a result of deficiency of homoge-
ntisic acid 1,2-dioxygenase activity (HGO, E.C.
1.13.11.5), AKU patients are unable to degrade homoge-
ntisic acid (HGA), an intermediary metabolite in phenyl-
alanine and tyrosine catabolism.2 Accumulated HGA is
excreted into the urine in large amounts, which darkens on
standing. Over the years, benzoquinone acetic acid, an oxi-
dation product of HGA, is deposited in connective tissues,
causing their pigmentation (ochronosis), which leads to
painful and disabling arthropathy of the large joints and
spine (ochronotic arthropathy).

AKU was the first disease interpreted in terms of Men-
delian inheritance.3 The HGO gene in humans is located
on chromosome 3q21-23.1 4 5 Fernandez-Canon et al5

cloned the human HGO gene and by identifying the first
loss of function mutations also provided formal proof that
AKU results from a defect in this gene. So far, 24 diVerent
mutations have been identified in the HGO gene in patients
from various populations.5–10

Notable exceptions to the low prevalence of AKU in all
ethnic groups studied are the Dominican Republic and Slo-
vakia (1:19 000).11 12 Founder eVects as the consequence of
genetic isolation have been postulated to explain this obser-
vation. Here, we present results of mutation screening of the
HGO gene in 32 AKU chromosomes carried by 17 Slovak
AKU patients (in two families, one chromosome was shared
by two patients from diVerent generations). All 14 exons of
the HGO gene were amplified from genomic DNA, using
PCR primers and conditions as described by Fernandez-
Canon et al.5 PCR products were analysed for the presence
of mutations by non-radioactive single strand conformation
polymorphism analysis (SSCP).13 DNA was visualised by

silver staining essentially as described by Budowle et al.14

Fragments showing SSCP shifts were sequenced directly
using the dye terminator cycle sequencing kit (Perkin
Elmer) with Taq FS DNA polymerase. Sequences were
resolved on an ABI-310 Automatic Analyser.

In our patients, we identified nine diVerent mutations
(tables 1 and 2). Four of them were novel mutations, two
missense (S47L, G270R), a frameshift (P370fs), and a
splice site mutation (IVS5+1G→A), increasing the total
number of known AKU causing nucleotide changes within
the HGO gene to 28. The remaining five mutations have
been described previously: G161R and G152fs,6 P230S
and V300G,5 7 and IVS1-1G→A.9

Novel mutation S47L is caused by a transition C→T at
the second position of codon 47 (fig 1A). This transition
abolishes a restriction site for MboI in exon 3 PCR
fragments. The presence of the S47L mutation in our
patient was confirmed by MboI digestion (fig 2A).

Mutation G270R is caused by transition G→A at the
first position of codon 270, which creates a novel EcoNI
restriction site (fig 1C). Therefore, its presence in our
patients was confirmed by restriction digestion of exon 11
PCR fragments with EcoNI (fig 2B). Glycine at position
270, aVected by this mutation, is conserved in man, mouse,
and Aspergillus nidulans (fig 3).

Splice site mutation IVS5+1G→A aVects the donor
splice sites of intron 5 (fig 1B). Interestingly, Beltran-
Valero de Bernabé et al7 identified in one patient from Hol-
land a transversion G→T aVecting the same position of
intron 5 as our mutation IVS5+1G→A. This mutation,
however, was not identified in our patients.

Mutation IVS1-1G→A9 abolishes restriction sites for
RsaI, so the presence of this mutation on one AKU
chromosome was confirmed by restriction analysis of the
corresponding PCR fragment with this enzyme (fig 2A).

A novel P370fs frameshift mutation, caused by a single
base insertion c1273insC (fig 1D), brings about a premature
translation stop four codons downstream and subsequent

Table 1 List and frequencies of the mutations identified in 32 AKU
chromosomes from Slovak patients. Positions of nucleotide changes are
related to the transcription start site as described in Granadino et al.15

(Human HGO transcript: AF O45167; the ATG initiation codon is
located at position c168)

Mutation Type
Nucleotide
change

No and % of
chromosomes
(out of 32) Reference

IVS 1-1 G→A Splice site c183-1G→A 1 (3.125%) 9
S 47 L Missense c307 C→T 1 (3.125%) Present report
IVS 5+1 G→A Splice site c509+ 1 G→A 2 (6.25%) Present report
G 152 fs Frameshift c621 ins G 8 (25%) 6
G 161 R Missense c648 G→A 8 (25%) 6
P 230 S Missense c855 C→T 2 (6.25%) 5

7
G 270 R Missense c975 G→A 4 (12.5%) Present report
V 300 G Missense c1066 T→G 1 (3.125%) 5

7
P 370 fs Frameshift c1273 ins C 5 (15.625%) Present report

Table 2 Genotypes of all analysed AKU patients from 15 families
indicating identified disease causing mutations within the HGO gene

Patient No Family code

HGO mutations

Allele 1 Allele 2

1 ALK1 G152fs V300G
2 ALK2 IVS5+1G→A G152fs
3 ALK2 IVS5+1G→A IVS5+1G→A
4 ALK3 G152fs P370fs
5 ALK4 G270R P370fs
6 ALK5 G270R P370fs
7 ALK6 IVS1-1G→A P370fs
8 ALK7 G152fs G152fs
9 ALK8 G161R P370fs
10 ALK9 S47L G161R
11 ALK11 G161R G270R
12 ALK12 G152fs G152fs
13 ALK13 G152fs G270R
14 ALK13 G152fs G161R
15 ALK14 G161R G161R
16 ALK15 G161R G161R
17 ALK16 P230S P230S
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shortening of translated HGO protein from 445 to 373
amino acids.

The novel mutations were not identified in any of the 50
healthy controls, supporting the evidence that they are dis-
ease causing mutations, rather than polymorphisms.

Segregation of all mutations with AKU was confirmed in
all families, except for the S47L mutation, where no DNA
from family members was available (fig 4). However, serine
at position 47 of the HGO protein molecule is conserved in
man and mouse (fig 3). In Aspergillus nidulans, threonine is
found at this site, which, as well as serine, belongs to the
group of hydrophilic amino acids with uncharged polar
side chains that are usually on the outside of the protein.
Conversely, leucine, which is introduced into the HGO
protein by transition c307C→T, is an amino acid with
non-polar side chains that tend to cluster together on the
inside of proteins. This indicates that substitution S47L

may influence the HGO protein conformation and
therefore also aVect its function.

Recently, Beltran-Valero de Bernabé et al9 provided the
evidence that the CCC triplet or its inverted complement
(GGG) are mutational hotspots in the HGO gene, because
34.5% (10/29) of HGO nucleotide changes identified so far
involve these sequence motifs. Data shown in our report
further support their finding, since 55.5% (5/9) of the
mutations identified in our patients lie within or are
adjacent to these triplets. Taking into account the novel
mutations found in Slovak patients and one identified by
Felbor et al,10 the total number of HGO nucleotide
variations involving the CCC/GGG motif identified so far
can be increased to 38.2% (13/34).

In all 17 analysed Slovak AKU patients, both disease
causing mutations were found (table 2). The identification
of nine diVerent mutations in this sample was not expected

Figure 1 Part of the direct sequencing of exons 3 (A), 5 (B), 11 (C), and 13 (D) in patients heterozygous for mutations S47L, IVS5+1G→A, G270R,
and P370fs, respectively (ABI 310, Perkin Elmer). In the case of exons 3, 5, and 11, reverse primers were used.

Figure 2 Detection of the (A) IVS1-1G→A, S47L (c307C→T) and (B) G270R (c975G→A) mutations by RsaI, MboI, and EcoNI restriction
analysis, respectively. Mutations IVS1-1G→A and S47L abolish restriction sites for corresponding enzymes, while G270R creates a novel site for EcoNI.
The figure also shows segregation of mutations IVS1-1G→A in family ALK6 (A) and G270R in family ALK4 (B). In both families, the fathers and
aVected daughters are heterozygous for screened mutations ((A) lanes 1 and 4, (B) lanes 2 and 4, as well as the patient in (A) lane 6). In (A) lanes 2, 3,
7, and 8 and (B) lanes 3 and 5 are subjects without corresponding mutations. In (A) lane 5 and (B) lane 1 is a 100 bp ladder.

A

ex2/Rsa|
IVS1-1G→A

ex3/Mbo|
S47L

1 2 3 4 5 6 7 8

B

ex11/EcoNI
G270R

1 2 3 4 5
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because the founder eVect had been considered to be the
main reason responsible for an increased incidence of AKU
in Slovakia. The most frequent mutations, G161R and
G152fs (previously identified in two Slovak families by Geh-
rig et al6), were present on 50% of 32 screened AKU
chromosomes (table 1). So far, these mutations have not
been identified in any other screened population. This indi-
cates that they might be specific for Slovakia. The high pro-
portion of these two mutations can be explained by founder
eVect and subsequent genetic isolation. In addition,

however, there must have been at least four other founders
contributing to the gene pool of the Slovak AKU population
(table 1). Three further mutations were each found on only
one AKU chromosome, thus indicating that this mechanism
is not the only one responsible for the high incidence of this
disease in Slovakia (1:19 000).

Possible common origins of chromosomes carrying the
same AKU mutations can be further traced by the analysis
of DNA polymorphisms in the HGO gene and construc-
tion of haplotypes. This work is now in progress.

Figure 3 Comparison of primary structure of homogentisate-1,2-dioxygenase protein from man (HGO, AF00057315), mouse (MHGO, U5898816), and
Aspergillus nidulans (HMGA, U3079717) using ClustalX 1.3b. Positions conserved in all three organisms are indicated by (*). Arrows mark sites of
identified missense mutations, novel mutations are shown in bold.

HGO ------MAELKYISGFGNECSSEDPRCPGSLPEGQNNPQVCPYNLYAEQL
MHGO ------MAELKYISGFGNECASEDPRCPGSLPEGQNNPQVCPYNLYAEQL
HMGA MPVTEFSFKDPYTYQNGFDSYHESEAIEGALPVGHNSPQKAPYGLYAEKL

           *    *     *     * ** * * **  ** **** *

HGO SGSAFTCPRSTNKRSWLYRILPSVSHKPFESIDEG--HVTHNWDEVDPDP
HGO S47L

SGSAFTCPRNTNKRSWLYRILPSVSHKPFESIDQG--HVTHNWDEVGPDPMHGO
HMGA SGTAFTAPRHENKQTWVYRILPAAAHENFVEEDASSYHTLSDAKKLQHIP

** *** **  **  * *****   *  *   *    *           *

HGO NQLRWKPFEIPKASQKKVDFVSGLHTLCGAGDIKSNNGLAIHIFLCNTSM
NQLRWKPFEIPKASEKKVDFVSGLYTLCGAGDIKSNNGLAVHIFLCNSSM
NQLRWDPFDLDET----VDWVHGLHLVAGSGDPTVKQGLGILLYAAGKDM

MHGO
HMGA

***** **         ** * **    * **     **          *

HGO ENRCFYNSDGDFLIVPQKGNLLIYTEFGKMLVQPNEICVIQRGMRFSIDV
HGO G161R

HGO P230S

HGO G270R

HGO V300G

ENRCFYNSDGDFLIVPQKGKLLIYTEFGKMSLQPNEICVIQRGMRFSVDVMHGO
HMGA GKEAFYSADGDFLIVAQHGVLDIQTELGRLLVRPNEICVIPRGVRYRVTL

    **  ******* * * * * ** *     ******* ** *

HGO FE-ETRGYILEVYGVHFELPDLGPIGANGLANPRDFLIPIAWYEDRQVPG
FE-ETRGYILEVYGVHFELPDLGPIGANGLANPRDFLIPVAWYEDRRVPGMHGO

HMGA PDGPVRGYICELYQGHYQLPELGPIGSNGLANARDFQAPVAAFDDEEGPT
     **** * *  *  ** ***** ***** ***  * *   *   *

HGO GYTVINKYQGKLFAAKQDVSPFNVVAWHGNYTPYKYNLKNFMVINSVAFD
GYTVINKFQGKLFACKQDVSPFNVVTWHGNYTPYKYNLENFMVINAVAFDMHGO

HMGA EYRLYSKFNNHLFSARQDHTPFDIVAWHGNYYPYKYDLGRFNTMGSVSFD
 *    *    **   **  **  * ***** **** *  *     * **

HGO HADPSIFTVLTAKSVRPGVAIADFVIFPPRWGVADKTFRPPYYHRNCMSE
HADPSIFTVLTAKSLRPGVAIADFVIFPPRWGVADKTFRPPYYHRNCMSEMHGO

HMGA HPDPSIYTVLTGPSDHVGTAIADFVIFPPRWLVAEKTFRPPWYHRNTMSE
* **** ****  *   * ************ ** ****** **** ***

HGO FMGLIRGHYEAKQGG-FLPGGGSLHSTMTPHGPDADCFEKASKVKLAPER
MHGO FMGLIKGHYEAKQGG-FLPGGGSLHSAMTPHGPDADCFEKASKAKLEPER
HMGA FMGLITGNYDAKTGGGFQPAGASLHNIMSAHGPDMHAFEGASNADLKPTK

***** * * ** ** * * * ***  *  ****   ** **   * *

HGO IADGTMAFMFESSLSLAVTKWGLKASRCLDENY-HKCWEPLKSHFTPNSR
IADGTMAFMFESSLSLAVTKWGLKTCSCLDENY-YKCWEPLRSHFTPNSRMHGO

HMGA IGDGSMAFMFESSLMVGVSEWGLKTCQKVQEEYNEHSWQPLKRHFK----
* ** *********   *  ****      * *    * **  **

HGO NPAEPN
MHGO SPTEPK
HMGA DPRKAQ

 *

Figure 4 Non-radioactive SSCP analysis of exon 13 indicating segregation of mutation P370fs in family ALK5. Arrows mark the SSCP shifts
corresponding to this mutation. The presence of the mutation in heterozygous state is indicated by (*). Patients were also heterozygous for mutation G270R
(exon 11) (table 2).

ALK 5/P370fs

* * * * * * *
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Links in electronic databases involve: primary structure of HGO from man
(HGO, AF00573,15), mouse (MHGO, U58988,16), and Aspergillus nidulans
(HMGA, U3079717), and human HGO transcript (AF0451675 15).
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Clinical and molecular correlates of
somatic mosaicism in
neurofibromatosis 2

EDITOR—Neurofibromatosis 2 (NF2) is an autosomal
dominant disorder that is characterised by benign nervous
system tumours (such as vestibular schwannomas (VSs),
intracranial meningiomas, and spinal tumours) and other
abnormalities.1 Somatic mosaicism (the presence of a
mutation, deletion, or chromosomal abnormality in a sub-
population of somatic cells) is thought to be relatively
common in NF2, aVecting perhaps 15% of sporadic
cases.2 3

There can be considerable clinical variability in mosaics
because somatic mutation can occur at diVerent stages of
the postzygotic cell lineage. Evans et al2 reported the degree
of mosaicism for five NF2 patients. Two patients with an
estimated <10% of peripheral lymphocytes with NF2
mutations had ages of onset of symptoms of 41-48 years,
while three patients with an estimated 21-44% of aVected
cells had ages of onset of symptoms of 21-28 years. This is
consistent with a relationship between degree of mosaicism
and disease severity, although there are too few patients to
draw firm conclusions.

Few NF2 somatic mosaics have been reported, and
clinical and molecular diVerences between mosaics and
sporadic non-mosaic NF2 patients have not been quanti-
fied. To examine this question, we compared somatic
mosaic and sporadic non-mosaic NF2 patients selected
from NF2 populations in the United Kingdom (341
patients)4 5 and Germany (118 patients).6 7 The study
groups included 13 previously identified somatic mosaics2 3

and 86 sporadic non-mosaic NF2 patients, all of whom had
head and spine gadolinium enhanced magnetic resonance
imaging. Sporadic NF2 patients were defined as non-
mosaic if they had identified germline NF2 mutations with

normal strength gel bands. In theory, somatic mosaic
patients could have near normal band strength, but in
practice band strength will be reduced when <50% of
peripheral lymphocytes have NF2 mutations.2 Clinical data
were not available in suYcient detail to determine if the
distribution of lesions was non-uniform, which could result
from somatic mosaicism.

The covariates that were examined were age at onset of
symptoms, age at diagnosis, number of VSs (none or uni-
lateral versus bilateral), presence and number of intracra-
nial meningiomas, presence of spinal tumours, and germ-
line NF2 mutation type (frameshift or nonsense versus
other identified mutations). In univariate analyses, the two
tailed t test was used for continuous variables and the two
tailed Fisher exact test for binary variables. Multiple logis-
tic regression was then used to examine the association
between somatic mosaic status and covariates that diVered
between groups; interaction terms of age with number of
tumours were also considered.

The characteristics of somatic mosaics and sporadic
non-mosaics are compared in table 1. Age at onset of

Table 1 Characteristics of somatic mosaic and sporadic non-mosaic NF2
patients

Characteristic
Somatic
mosaic

Sporadic
non-mosaic p

No of patients 13 86
Age at onset of symptoms, years, mean (SE) 26.5 (2.4) 18.7 (1.1) 0.012
Age at diagnosis, years, mean (SE) 33.6 (2.7) 24.7 (1.3) 0.013
Germline mutation type (%) 0.055

Frameshift or nonsense 92.3 62.8
Other 7.7 37.2

Vestibular schwannomas (%) 0.391
None or unilateral 30.0 12.9
Bilateral 70.0 87.1

Spinal tumours (%) 0.733
Absent 30.8 24.4
Present 69.2 75.6

Intracranial meningiomas (%) 0.773
Absent 46.2 41.9
Present 53.8 58.1

Intracranial meningiomas, number, mean (SE) 1.5 (1.0) 1.5 (0.2) 0.993
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symptoms, age at diagnosis, and the distribution of germ-
line NF2 mutation types were significantly diVerent
between the two groups. On average, somatic mosaics were
7.8 years younger than non-mosaics at onset of symptoms
(p=0.012) and 8.9 years younger at diagnosis (p=0.013).
Nonsense or frameshift mutations were identified in 92.3%
of somatic mosaics, compared to 62.8% of non-mosaics
(p=0.055). The prevalence of no VSs or unilateral VSs was
higher in mosaics than in non-mosaics (30.0% versus
12.9%), but this diVerence was not statistically significant.
The prevalence and number of other central nervous
system tumours were similar in the two groups.

Since age at onset of symptoms and age at diagnosis were
highly correlated (r2=0.65, p<0.001), age at diagnosis was
used in the multiple logistic regression model because
tumour burden was evaluated at diagnosis. In the multiple
logistic regression model, age at diagnosis and germline
NF2 mutation type were significantly associated with
somatic mosaic status and number of VSs was of marginal
statistical significance. Interaction terms were not statisti-
cally significant. Patients with frameshift or nonsense
mutations had 23.1-fold greater odds of somatic mosai-
cism than patients with other types of identified mutations
(95% confidence interval 1.7-316.4, p=0.019). This may
be a bias that results from milder disease in somatic mosaic
patients and more severe disease in NF2 patients with
nonsense or frameshift mutations, so that somatic mosaic
NF2 patients with nonsense or frameshift mutations are
more likely to be clinically detected as having NF2.2 3

The odds of somatic mosaicism increased 11.1-fold per
decade increase in age at diagnosis (95% confidence inter-
val 10.3-11.8, p=0.004). Patients with no VSs or unilateral
VSs were 7.1-fold more likely to be mosaic (95%
confidence interval 1.0-53.7, p=0.056). Considering two
sporadic NF2 patients (one 40 years old at diagnosis with
a unilateral VS and another 20 years old at diagnosis with
bilateral VSs, both with non-truncating mutations), the
former patient has 157.6-fold greater odds of being a
somatic mosaic than the latter patient.

This study is based on relatively few mosaic patients, but
if substantiated by other studies, these findings may be a
useful adjunct in identifying somatic mosaics. For example,

sporadic NF2 patients who are >40 years old at diagnosis
with no VSs or unilateral VSs could be evaluated for
somatic mosaicism. This is an unusual clinical presentation
in NF2, occurring less frequently than the estimated 15%
prevalence of somatic mosaicism in sporadic NF2 cases. In
the United Kingdom NF2 patient series, nine of 206 spo-
radic patients (4.4%) meet this description. These patients
include only one previously identified somatic mosaic; the
rest have unidentified germline NF2 mutations. The eight
patients with unidentified mutations have ages at onset of
symptoms ranging from 29-45 years (median 36 years) and
ages at diagnosis ranging from 42-59 years (median 48
years). We are currently analysing tumours from these
patients to determine the proportion that are mosaic.

We thank the NF2 patients and their families for participating and Drs L Kluwe,
V F Mautner, and J M Friedman for helpful comments.
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Many ÄF508 heterozygote neonates
with transient hypertrypsinaemia have
a second, mild CFTR mutation

EDITOR—Mutations of the cystic fibrosis transmembrane
conductance regulator (CFTR) gene have an extremely wide
phenotypic spectrum.1 The “classical” severe form of cystic
fibrosis (CF) is characterised by pancreatic insuYciency and
chronic endobronchial infection.2 Milder forms may show
pancreatic suYciency, though the degree of pulmonary
involvement varies.3 4 Several other pathologies have now
been linked with mutations in the CFTR gene, including
congenital bilateral absence of the vas deferens, liver
disease, pancreatitis, and disseminated bronchiectasis.5–7

There are now over 850 documented mutations in the
CFTR gene.8 The most common is ÄF508, which appears
on 66% of CF chromosomes in western Europe.9 The
pancreatic status of patients has a strong correlation to the
genotype, whereas the severity of lung disease shows little
or no relation to genotype.1 10–12 Generally, mutations that

result in no CFTR protein, such as truncating mutations,
or those, such as ÄF508, which result in mislocalisation of
the protein, result in a severe phenotype with pancreatic
insuYciency. Missense mutations, particularly in the
transmembrane domains, result in a milder, more variable
disease.1 13 14 The sweat test, long regarded as the gold
standard diagnostic test for cystic fibrosis, may give normal
results in these milder forms.

Neonatal screening for CF relies on an increased immu-
noreactive trypsinogen (IRT) concentration in blood of
aVected babies during the first two months of life.15 How-
ever, this method has low specificity, particularly with sam-
ples taken in the first week of life, so mutation analysis is
increasingly being used as a second tier. In the Trent region
of the United Kingdom (UK), where ÄF508 accounts for
over 80% of CF mutations, we currently use a three stage
IRT-DNA-IRT protocol, which has a low requirement for
second blood samples and for sweat testing.15 Any initial
blood sample with IRT readings above the threshold is
analysed for the ÄF508 CFTR mutation. Subjects who are
heterozygous for ÄF508 are resampled at 27 days; if the
IRT level is again above the threshold the child is referred
for sweat testing. The families of heterozygous neonates
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with a second IRT level below the threshold are referred for
genetic counselling on the assumption that such neonates
are unaVected carriers.

It has previously been shown that neonates with
transient hypertrypsinaemia carry the ÄF508 mutation at
a higher frequency than the general population.16

Additionally, IRT remains on average higher in the repeat
blood sample in babies who are heterozygous for ÄF508
than in non-ÄF508 babies.15 Thus, it is possible that a
proportion of infants with transient hypertrypsinaemia
and ÄF508 may have a second (mild) CF mutation. We
have examined this hypothesis in a cohort of infants
assessed through the Trent (UK) neonatal screening pro-
gramme.

A cohort of 88 ÄF508 heterozygous neonates with tran-
sient hypertrypsinaemia born between April 1991 and

November 1996 were available for testing.15 All had
exceeded the IRT cut oV value for the 6th day blood sam-
ple (usually 90 ng/ml but adjusted periodically to select
approximately 0.5% of tested babies) and had an IRT con-
centration below 80 ng/ml in the 27th day sample. Cases
with meconium ileus were excluded. There was a sample
available from every subject fulfilling the selection criteria
for the trial period. All samples were irreversibly ano-
nymised but the IRT data were retained and the subjects in
the cohort were known. In addition, three transiently
hypertrypsinaemic babies who would otherwise have
qualified for the cohort had already been identified as
compound heterozygotes for ÄF508/R117H CF mutations
through extended mutation analysis of their parents.

DNA for PCR was obtained from the blood spot by elu-
tion in 100 µl of 50 mmol/l NaOH for 30 minutes at room

Table 1 CFTR primers, PCR and SSCP analysis conditions

Region amplified Primer sequence

Anneal
temp
(°C)

Product
size (bp)

Enzyme
digest

SSCP
conditions
% glycerol

Exon 1 F 5’ - GCC AAA TGA CAT CAC AGC AGG - 3' 61 211 None 3
R 5' - TGT CTT TCC GAA GCT CGG TTG - 3'

Exon 2 2i-5 F 5' - CCA AAT CTG TAT GGA GAC CA - 3' 56 203 None 3
R 5' - TCT CTC TTC AAC TAA ACA ATG TAC - 3'

Exon 3 3i-5 F 5' - CTT GGG TTA ATC TCC TTG GA - 3' 55 309 MboI 2
3i-3 R 5' - ATT CAC CAG ATT TCG TAG TC - 3'

Exon 4 4i-5 F 5' - TCA CAT ATG GTA TGA CCC TC - 3' 56 438 BslI 2
4i-3 R 5' - TTG TAC CAG CTC ACT ACC TA - 3'

Exon 5 F 5' - GAG AAG ATA GTA AGC TAG ATG AAT - 3' 56 212 None 3
R 5' - CAT ATC TCA TCA AAT TTG TTC AGG - 3'

Exon 6a F 5' - GGA AGA TAC AAT GAC ACC TGT TTT - 3' 58 275 None 2
R 5' - TAC TAA AGT GGG CTT TTT GAA AAC - 3'

Exon 6b F 5' - CCT TGA GCA GTT CTT AAT AGA TAA - 3' 56 285 None 2
R 5' - GGA AGT CTA CCA TGA TAA ACA TAT - 3'

Exon 7 F 5' - CAG AAC TGA AAC TGA CTC GG - 3' 58 230 None 2
R 5' - TGC TCC AAG AGA GTC ATA CC - 3'

Exon 8 F 5' - GCA CAA TGA GAG TAT AAA GTA GAT - 3' 56 223 None 3
R 5' - AAA CAG TTA GGT GTT TAG AGC AAA - 3'

Exon 9 (1) F 5' - TAA TGG ATC ATG GGC CAT GT - 3' 55 560 N/A N/A
R 5' - ACA GTG TTG AAT GTG GTG CA - 3'

Exon 9 (2) F 5' - GGG GAA TTA TTT GAG AAA GC - 3' 55 258 None 3
R 5' - TTC CAG CAC TAC AAA CTA GAA - 3'

Exon 10 10i-5 F 5' - GCA GAG TAC CTG AAA CAG GA - 3' 58 491 NsiI/HinfI 2
10i-3 R 5' - CAT TCA CAG TAG CTT ACC CA - 3'

Exon 11 11i-5 F 5' - CAA CTG TGG TTA AAG CAA TAG TGT - 3' 58 425 HincII See text
11i-3 R 5' - GCA CAG ATT CTG AGT AAC CAT AAT - 3' 10

Exon 12 12i-5 F 5' - GTG AAT CGA TGT GGT GAC CA - 3' 60 426 BstNI 2
12i-3 R 5' - CTG GTT TAG CAT GAG GCG GT - 3'

Exon 13.1 F 5' - GAC ATA TTG CAA TAA AGT ATT TAT - 3' 53 280 None 2
R 5' - AGT TAG GAT TGA ATT TCT TCT TT - 3'

Exon 13.2 F 5' - TTT AGC TCA AAA CTC ATG GGA - 3' 56 309 None 2
R 5' - AGA ATC TGG TAC TAA GGA CAG - 3'

Exon 13.3 F 5' - AAT CCA ATC AAC TCT ATA CGA A - 3' 55 444 HincII 2
R 5' - GAT TCT ACT CAA TTG CAT TCT GT - 3'

Exon 13.4 F 5' - CCT GAA CCT GAT GAC ACA C - 3' 58 239 None 2
R 5' - GAT TCT ACT CAA TTG CAT TCT GT - 3'

Exon 14a F 5' - GGT GGC ATG AAA CTG TAC TGT CTT - 3' 60 250 None 2
14Ai-3 R 5' - GTA TAC ATC CCC AAA CTA TCT TAA TTT AAC - 3'

Exon 14b F 5' - TGG GAG GAA TAG GTG AAG ATG TTA - 3' 60 208 None 2
R 5' - GCT TGG GAG AAA TGA AAC AAA GTG - 3'

Exon 15 F 5' - ATT CAG TAA GTA ACT TTG GCT GCC - 3' 60 413 HinfI 4
R 5' - AAG GCA CAT GCC TCT GTG CA - 3'

Exon 16 F 5' - GCG TCT ACT GTG ATC CAA ACT TAG - 3' 62 289 RsaI 3
R 5' - TAG ACA GGA CTT CAA CCC TCA ATC - 3'

Exon 17a F 5' - TGA AAA TGT TTA CTC ACC AAC ATG - 3' 56 254 None 2
R 5' - AGA ATC TCA AAT AGC TCT TAT AGC - 3'

Exon 17b 17Bi-5 F 5' - TTC AAA GAA TGG CAC CAG TGT - 3' 57 463 HincII 2
17Bi-3 R 5' - ATA ACC TAT AGA ATG CAG CA - 3'

Exon 18 F 5' - ACA TGA GGT TCA TTT ACG TCT TTT - 3' 56 201 None 3
R 5' - TAC TCA TAC TTT GTT ACT TGT CTG - 3'

Exon 19 19i-5 F 5' - GCC CGA CAA ATA ACC AAG TGA - 3' 58 454 HincII 2
19i-3 R 5' - GCT AAC ACATTG CTT CAG GCT - 3'

Intron 19 F 5' AGG CTT CTC AGT GAT CTG TTG - 3' 60 477 HphI See text
R 5' - GAA TCA TTC AGT GGG TAT AAG CAG - 3' 0

Exon 20 F 5' - GGT CAG GAT TGA AAG TGT GCA - 3' 56 473 HinfI 2
R 5' - CTA TGA GAA AAC TGC ACT GGA - 3'

Exon 21 21i-5 F 5' - AAT GTT CAC AAG GGA CTC CA - 3' 62 477 DraI 2
21i-3 R 5' - CAA AAG TAC CTG TTG CTC CA - 3'

Exon 22 F 5' - GCT TGA GTG TTT TTA ACT CTG TGG - 3' 61 266 None 2
R 5' - GTT CCC ACT GTG CTA TTA AGT AAC - 3'

Exon 23 F 5' - AGC TGA TTG TGC GTA ACG CT - 3' 58 400 MboI 2
R 5' - TAA AGC TGG ATG GCT GTA TG - 3'

Exon 24 F 5' - AGA TCT CAC TAA CAG CCA TTT CCC - 3' 62 263 None 3
R 5' - CAT GAG CAA ATG TCC CAT GTC AAC - 3'
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temperature. The samples were then boiled for five
minutes, cooled, and neutralised with 15 µl of 1 mol/l Tris-
HCl (pH 8.0).

Primers used for amplification comprised both
published18 (nomenclature as reference) and unpublished
sets. PCR was performed in 25 µl reactions under standard
conditions. The IVS8-nT tract was amplified and identi-
fied as described elsewhere.19 Exon 9 was amplified using
the IVS8-nT protocol and the primer sets 9 (1) followed by
9 (2). This excluded the two highly polymorphic regions
before the exon (TG(n) + IVS8-nT) from amplification
and greatly simplified mutation analysis. Full details of
primer sequences and annealing temperatures can be
found in table 1.

Amplified fragments were screened for sequence altera-
tions by single stranded conformational polymorphism
analysis (SSCP)/heteroduplex analysis (HA) using stand-
ard conditions and procedures as in table 1 with 14% v/v
(59:1 acrylamide:bisacrylamide) polyacrylamide gels and
electrophoresis at 12°C in 0.5 × TBE except exon 11,
which used a 14% (37:1 acryl:bis) polyacrylamide gel.
Intron 19 used non-denaturing electrophoresis on 8%
(29:1 acryl:bis) polyacrylamide gels in 1 × TBE. Any sam-
ples displaying shifts (indicative of a sequence alteration)
were investigated further by direct DNA sequencing (as
per manufacturer’s instructions). This methodology iden-
tifies >95% of all mutations in our laboratory.

Second mutations were identified in 20 subjects (table 2)
giving a compound heterozygote frequency of 22%.
R117H was the most common second mutation found,

constituting 45% of the compound heterozygotes identi-
fied. Fig 1 shows the range of second IRT reading displayed
by non-ÄF508 babies, the putative ÄF508 heterozygotes,
and the compound heterozygotes. The IRT distributions of
the putative ÄF508 heterozygotes (19) and particularly the
compound heterozygotes are shifted to the right. Forty one
percent of ÄF508 heterozygote neonates with >25 ng
IRT/ml in the 27th day blood sample possessed a second
mutation compared to ∼6% for those with <25 ng/ml, an
enrichment factor of 2.35.

Recent work has suggested that “polyvariant mutant
CFTR genes” may, when combined, result in less
functional or pathologically insuYcient CFTR.21 In the
light of this, we determined the incidence of the intronic
poly-T tract, IVS8-nT, which interacts with the R117H
mutation. The IVS8-5T allele was present in three of the
91 neonates, none of whom were identified as being com-
pound heterozygotes for a second CF mutation. The 71
remaining subjects are likely to be true heterozygotes with
transient hypertrypsinaemia arising from causes other than
CF.

In this study, we have confirmed that the combination of
heterozygosity for ÄF508 and persisisting mild hyper-
trypsinaemia in the newborn period carries a substantial
risk of that infant having a second CF mutation. In
addition, the concentration of IRT in whole blood at 27
days is a biochemical marker to refine this risk further.

All the mutations found in our cohort have been
reported previously and for the more common ones there
are data on phenotypic presentation. In general, the sever-
ity of lung disease is less predictable than the degree of
pancreatic involvement.22

The R117H has been associated with a range of
phenotypes and the intronic variant polyT tract (IVS8-nT)
is known to aVect expression. The IVS8-5T variant is an
ineYcient splice acceptor site and with R117H, in trans
with ÄF508, results in a pancreatic suYcient phenotype.
The 7T variant and R117H combination in ÄF508 hetero-
zygotes is associated with congenital bilateral absence of the
vas deferens and, in some cases, mild lung disease.19 23 Some
females with this genotype are completely asymptomatic.
Three ÄF508:R117H compound heterozygotes with the
7T variant from the cohort have already presented with
symptoms of lung disease. An increased frequency of
IVS8-5T in non-CF transient neonatal hypertrypsinaemia,
with or without heterozygosity for ÄF508, has been
reported in two studies.23 24 However, in our cohort,
IVS8-5T was not present in any of the compound heterozy-
gotes detected and its overall frequency was not significantly
diVerent from that reported in the general population.

Five other neonates screened had missense mutations in
transmembrane domains. These have been reported in
patients with presenting phenotypes ranging from “cystic
fibrosis” to oligospermia, but there have been too few cases

Table 2 Compound heterozygotes detected

Domain and mutation type Genotype Exon
1st
IRT

2nd
IRT

Transmembrane, missense
ÄF508/P67L 3 129 34*
ÄF508/R117H 4 110 21*
ÄF508/R117H 4 84 34
ÄF508/R117H 4 95 39
ÄF508/R117H 4 104 40
ÄF508/R117H 4 146 41
ÄF508/R117H 4 104 48*
ÄF508/R117H 4 120 53
ÄF508/R117H 4 111 54
ÄF508/R117H 4 175 72*
ÄF508/R117L 4 129 70
ÄF508/L967S 15 122 15
ÄF508/F1052V 17b 189 29
ÄF508/R1066H 17b 94 18

Transmembrane, nonsense
ÄF508/R75X 3 86 26
ÄF508/R75X 3 171 27
ÄF508/R851X 14a 112 76

Regulatory, missense
ÄF508/F693L 13 109 29

Alternate splice site
ÄF508/3849+10KB C→T i19 99 26*
ÄF508/3849+10KB C→T i19 112 36*

None of these samples had the IVS8-5T variant sequence.
*These patients have presented with symptoms of lung involvement.

Figure 1 Distribution of immunoreactive trypsin concentrations in 27th day blood spots. The data from the non-ÄF508 sample have been normalised to
the number of ÄF508/N samples.
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described to define genotype-phenotype correlations. The
missense mutation F693L is located in the regulatory
domain of CFTR and was first identified in a young girl
with ÄF508 on her other allele who was diagnosed with
pancreatic insuYcient cystic fibrosis.26

Three subjects had nonsense mutations which are
normally associated with severe disease as they introduce a
stop codon, leading to truncated, usually inactive, CFTR
protein being transcribed.

The 3849+10 kb C→T mutation, identified in two
subjects in our cohort, activates a partially active,
cryptic splice site within the intron that causes an 84 bp
“exon” to be inserted, in frame, within exon 19.27

Homozygotes for this mutation usually have relatively
mild lung disease, while compound heterozygotes may
show pancreatic insuYciency and may have more severe
lung disease.

Compared to other neonatal metabolic screening tests,
that for CF has a relatively low sensitivity; the more
successful programmes detect approximately 90% of
severe, “classical” CF.28 With the increasing recognition of
milder forms of CFTR deficiency, and the tendency to use
DNA analysis rather than the sweat test as the ultimate
diagnostic arbiter, the perceived eVectiveness of neonatal
screening is being further eroded. Nevertheless, provided
that the prime aim of the programme remains the detection
of classical cystic fibrosis, in the way the term was
understood 10 years ago, performance using either a two
stage IRT method or one of the newer IRT-DNA protocols
may be regarded as acceptable.

The diYculties with DNA based protocols arise from the
need to provide explicit counselling to families where the
baby has been found to be heterozygous for ÄF508 but has
given a normal sweat test or had a normal IRT concentra-
tion in a second blood sample. In most screening
programmes more babies will fall into this group than will
be diagnosed with classical cystic fibrosis (representative
figures are given in reference 15). The present study shows
that such babies, particularly the subgroup with IRT in the
second blood sample >25 ng/ml, have a high likelihood of
a second CFTR mutation. Should further testing of ÄF508
heterozygotes be restricted to mutations associated with a
severe phenotype or should extended mutation analysis, at
least in the higher risk group with second IRT >25 ng/ml,
become part of routine investigation? Would such investi-
gation improve the accuracy of counselling of such
families?

The majority of compound heterozygotes detected
in this study have mutations usually associated with
milder forms of CFTR disease. However, some of our
hypertrypsinaemic cohort have genotypes previously
reported in severe forms of CF and may be regarded as
having given false negative screening test results.
Genotype-phenotype correlation is complicated by the
existence of polyvariant CFTR genes and modifier
polymorphisms,29 as well as possible modifiers at other
loci. It is probably unsound to extrapolate data from clini-
cally selected cases to a cohort which was selected on an
entirely diVerent basis. The clinical significance of
compound heterozygosity detected through neonatal
screening will only become apparent through systematic
follow up. Preliminary indications are that some of the
expectedly mild cases develop significant early symptoms;
six of the compound heterozygotes in our cohort
(indicated in table 2) were unblinded by being diagnosed
with cystic fibrosis, enabling them to be traced forwards
from their neonatal screening results. All have developed
symptomatic respiratory infections associated with posi-
tive bacterial cultures. A prospective study is under way to

determine the clinical spectrum present in such com-
pound heterozygotes.

It is generally agreed that diagnosing adult onset disease
during childhood is undesirable if there is no eVective pre-
ventative treatment. One would not normally wish to pre-
dict fertility problems in an otherwise healthy male
neonate. However, in so far as early active treatment can
reduce the impact of lung disease in moderate CFTR defi-
ciency, previous warning that a child is thus predisposed
would be valuable. Thus, the increased possibility of mild
CF spectrum disease should be raised during counselling
for ÄF508 heterozygosity detected on newborn screening.
There may be a case for more active clinical follow up, par-
ticularly in the persistent mild hypertrypsinaemia group.
However, until we are more confident in predicting
outcome from genotype, the prospective identification of
“milder” mutations should not be included in routine neo-
natal screening protocols.
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Further evidence for genetic
heterogeneity of autosomal dominant
disorders with accumulation of
multiple deletions of mitochondrial
DNA

EDITOR—Disorders of oxidative phosphorylation are highly
heterogeneous from both a clinical and a genetic point of
view. The nuclear as well as the mitochondrial genomes
contain genes that are necessary for respiratory chain func-
tion. Consequently, diVerent modes of inheritance are
encountered in disorders of oxidative phosphorylation.

Single large scale deletions of mitochondrial DNA
(mtDNA) usually occur in sporadic cases.1 However, mul-
tiple deletions of mtDNA also occur in autosomal
dominant disorders.2 These deletions are generated de
novo as somatic mutations in each aVected subject. The
nuclear gene defects predisposing to secondary mtDNA
deletions in these patients remain unknown.

The disorder discovered by Zeviani et al2 was later found
in several families and was called autosomal dominant
progressive external ophthalmoplegia (ADPEO),3 as ptosis
and external ophthalmoplegia are the major clinical
findings.4–7 More generalised weakness of the skeletal mus-
cles and sudden unexpected death are also common clini-
cal features.4–7 Additional features vary among diVerent
families.4 6–8

Linkage analysis provided direct evidence for genetic
heterogeneity of ADPEO. One locus predisposing to
ADPEO in a Finnish family was assigned to chromosome
10q23.3-q24.3.3 Another locus was assigned to chromo-
some 3p14.1-p21.2 in three Italian families.9 In another
Italian ADPEO family the disorder is linked to chromo-
some 4q34-q35.10

We previously reported three unrelated Belgian families
with progressive external ophthalmoplegia and multiple
deletions of mtDNA.6 Only one of these families was of
suYcient size to examine cosegregation of PEO with the
known loci on chromosomes 10q, 3p, and 4q.

Fig 1 shows the updated pedigree of the Belgian PEO
family. Several male to male transmissions indicate clear
autosomal dominant inheritance. The diagnosis of
ADPEO was based on the clinical symptoms and the pres-
ence of multiple mtDNA deletions on Southern blots of
muscle biopsy specimens in two patients. The detailed
clinical features and the muscle biopsy findings with
mtDNA analysis have been described elsewhere.6

Blood samples were obtained after informed consent.
The primer sequences for the polymorphic DNA markers
on chromosomes 3, 4, and 10 were obtained from the
Genome Database (http://gdbwww.gdb.org). The linkage
analysis was carried out by MLINK 5.1 using a disease
gene frequency of 1/10 000. Since variable penetrance of
the disease was shown in the 10q linked Finnish family,3

only aVected subjects were included in our linkage
analyses. Subjects were considered aVected when clinical
examination showed PEO and absent Achilles tendon
reflexes (fig 1). Dead, but not clinically examined subjects
were considered aVected if there was a positive family his-
tory obtained from relatives and the appearance of PEO in
photographs.

The average expected maximum lod score in computer
simulation analysis was 1.5, assuming a 80% informative
linked marker at 5% recombination distance from the PEO
gene. In 500 simulated replicates, the maximum lod score
obtained was 3.60. Linkage analysis excluded all three
known loci (table 1). Few markers generated minor
positive lod scores (Z) of 0.5 to 1 at large recombination
distances (è), but flanking markers and haplotype analysis
clearly excluded the candidate regions.

Our data provide further evidence for the genetic
heterogeneity of autosomal dominant PEO, indicating that

Figure 1 Pedigree of the autosomal dominant Belgian PEO family. Filled symbols indicate aVected subjects. Subjects III.5 and III.7 had multiple
mtDNA deletions on Southern blots of DNA isolated from skeletal muscle biopsies.6 Open symbols indicate healthy subjects. A plus sign (+) denotes subjects
from whom DNA samples were available for genetic analysis. The proband is indicated by an arrow.
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at least four loci in the nuclear genome predispose to
somatic mutations of mtDNA with accumulation of multi-
ple mtDNA deletions. To localise the fourth disease locus,
we will perform a random genome search in this Belgian
family.

The diVerent genes involved in autosomal dominant
PEO may encode diVerent functional polypeptide subunits
of a single multienzyme complex or may be independently
functioning molecules. The gene products may play a role
in one single or even in several pathogenetic mechanisms
resulting in this complex human disease. Indeed, there are
several hypotheses of diVerent pathogenetic mechanisms
such as defects in mtDNA replication, defects in repair of
damaged mtDNA, or in eVective elimination of free oxygen
radicals and secondary mtDNA damage. Cloning of one of
the ADPEO genes may improve our understanding of how
the nuclear and the mitochondrial genome interact. In
mitochondrial neurogastrointestinal encephalomyopathy
(MNGIE), an autosomal recessive disease, also associated
with multiple deletions of skeletal muscle mtDNA
deletions, functional mutations in the thymidine phospho-
rylase gene were recently reported.11 A similar demonstra-

tion of molecular defects in autosomal dominant PEO
genes might provide a rational basis for treatment or
prevention of these disorders.
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Liebenberg syndrome: brachydactyly
with joint dysplasia (MIM 186550): a
second family

EDITOR—In 1973, Liebenberg1 described a five generation
pedigree with unusual anomalies of the elbows, wrists, and
hands and autosomal dominant inheritance (MIM
186550). The same family was re-examined in 1985 by
Beighton with corroboration of the distinctive
phenotype.2 3 The most prominent features were dysplasia
of all the bony components of the elbow joint, abnormally

shaped carpal bones, and brachydactyly. Since then, no
other families have been described.

We report on a mother and two sons whose clinical and
radiological features closely resemble those of Liebenberg
syndrome.

The pedigree of our patients is showed in fig 1. When last
examined, the two aVected children, III.4 and III.5, were 3
years and 1 year old, respectively. Their older sister, III.3,
was aged 6 and was thought to be unaVected. The aVected
mother, II.2, was 33 and her husband, II.3, 36 years old
and were healthy and non-consanguineous. The mother’s
parents, I.1 and I.2, were said to be unaVected.

Patient III.5 was born at term. Pregnancy and delivery
were uneventful. Birth weight was 3800 g, length 50 cm,
and head circumference 35 cm. His development mile-

Table 1 Pairwise lod scores of chromosomes 3p, 4q, and 10q DNA
markers in a Belgian ADPEO family. The 3p DNA markers are ordered
from telomere to centromere and the 10q and 4q markers from centromere
to telomere conform with their position on the genetic map (Whitehead
Institute, http://www-genome.wi.mit.edu/cgi-bin/contig/physmap). For
each marker the genetic distance excluded (exclusion limit) was calculated
from the recombination distance at Z=−2

Marker

Lod score at è=

0.00 0.01 0.05 0.10 0.20 0.30 0.40
Exclusion
limit

D3S3666 −3.59 −1.31 −0.48 −0.14 0.10 0.11 0.04 0.01
D3S3553 −7.76 −3.02 −1.49 −0.84 −0.28 −0.08 −0.01 0.03
D3S1300 −3.60 −1.02 −0.39 −0.18 −0.05 −0.02 −0.01 0.00
D3S1312 −7.96 −2.87 −1.54 −1.03 −0.59 −0.36 −0.17 0.04
D3S1600 −3.39 −1.22 −0.60 −0.38 −0.20 −0.12 −0.05 0.00
D3S3571 −12.31 −4.63 −2.60 −1.78 −0.98 −0.51 −0.20 0.09
D10S1750 −7.12 −2.05 −0.79 −0.35 −0.06 0.00 0.01 0.01
D10S1773 −11.36 −4.23 −2.21 −1.40 −0.68 −0.33 −0.12 0.04
D10S1731 −15.89 −5.79 −3.06 −1.95 −0.92 −0.42 −0.14 0.10
D10S187 −11.48 −4.13 −2.10 −1.28 −0.56 −0.24 0.08 0.06
D10S190 1.11 1.09 0.97 0.82 0.52 0.26 0.08
D10S1757 −6.82 −2.00 −0.73 −0.30 0.02 0.03 0.02 0.01
D10S1483 −3.66 −0.98 −0.35 −0.13 0.01 0.04 0.03 0.01
D10S587 −7.34 −2.56 −1.19 −0.65 −0.19 −0.02 −0.02 0.04
D10S1723 −11.36 −4.50 −2.41 −1.53 −0.72 −0.33 0.11 0.08
D10S1656 −7.82 −3.10 −1.70 −1.09 −0.52 −0.23 −0.07 0.04
D10S186 −2.62 0.04 0.58 0.68 0.58 0.35 0.12 0.00
D10S1782 −7.22 −2.40 −1.09 −0.58 −0.18 −0.03 0.01 0.03
D4S1554 −11.57 −3.96 −1.96 −1.18 −0.53 −0.24 −0.09 0.05
D4S2924 −7.39 −2.49 −1.18 −0.68 −0.28 −0.12 −0.05 0.03
D4S2299 −11.48 −4.36 −2.34 −1.52 −0.76 −0.37 −0.13 0.07
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stones were normal. At 1 year he was able to sit alone and
spoke his first words. There were no health problems. His
joint anomalies were noticed at birth.

We examined the patient at the ages of 6 months and 1
year. At 1 year weight was 12 kg (>90th centile), height
80.6 cm (>97th centile), and OFC 47 cm (>50th centile).
In the “anatomical position”, the elbow joints were slightly
flexed and active extension from that position was not pos-
sible. Pronosupination was slightly limited. The wrist joints
were radially deviated. Flexion, extension, abduction, and
adduction at the wrists were somewhat stiV but almost
normal in range. The fingers were short and bilateral
camptodactyly of the fifth finger was present.

X rays of the arms, forearms, and hands showed enlarged
and poorly modelled distal humeral, proximal radial, and
proximal ulnar metaphyses, abnormally long radius and
ulna, a very large triquetrum the size of that of a 31⁄2 year
old child, and shortness of all the components of the digital
rays, but especially marked in the distal phalanges (fig 2).
No synostoses were noted. X rays of the whole skeleton
showed no other relevant anomalies.

Patient III.4 was born at term. Pregnancy and delivery
were uneventful. Birth weight was 3400 g, length 45 cm,
and head circumference 35 cm. Development milestones

were normal. He was able to sit alone at 9 months and to
walk at 12 months. He spoke his first words at 12 months
and the first sentences at 2 years. He had no health prob-
lems. His joint anomalies were noticed at birth.

We examined the patient at the ages of 21⁄2 and 3 years.
At 3 years weight was 18.5 kg (>97th centile), height was
106 cm (>97th centile), and OFC was 49.6 (>25th
centile). Flexion at the elbow joints, radial deviation of the
wrists, and limitation in the range of movement at the
elbow and wrist joints were slightly more marked than in
his younger brother. Brachydactyly, bilateral camptodac-
tyly of the fifth fingers and partial bilateral syndactyly
between the second and third fingers were evident. The x
ray features were very similar to those of III.5. The size of
the triquetrum was that of an 8 year old child (fig 3). His
symptoms improved after one year of physiotherapy.

The mother, II.2, was 33 years old at the time of exam-
ination. Weight was 60 kg (>50th centile), height was 165
cm (>50th centile), and OFC was 53 cm (>25th centile).
She denied any health problems and was of normal intelli-
gence. Her joint anomalies had been present since birth
and she had not noticed any worsening of her symptoms.
She had never received any rehabilitation therapy.

Figure 1 Pedigree of the patients. II.2 is 33 years old, III.4 is 3 years old, and III.5 is 1 year old.
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Figure 2 X ray of the hand and forearm of III.5 at 6 months showing
enlarged and poorly modelled bony components of the elbow joint, a very
large triquetrum (arrow) of the size of that of a 31⁄2 year old child, and
brachydactyly.

Figure 3 X ray of the hand and forearm of III.4 at 21⁄2 years showing
enlarged and poorly modelled bony components of the elbow joint, a very
large triquetrum (arrow) of the size of an 8 year old child, and
brachydactyly.
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In the anatomical position, flexion at the elbow joints
was 10° and active extension from that position was
impossible (fig 4). Pronosupination was slightly limited.
The wrist joints were radially deviated. At the wrist, flexion
was limited to about 60° while extension, abduction, and
adduction were almost normal. The hands showed brachy-
dactyly and bilateral camptodactyly of the fifth finger (fig
5).

X rays of the arms, forearms, and hands showed enlarged
and poorly modelled distal humeral, proximal radial, and

proximal ulnar metaphyses, abnormally shaped carpal
bones, scaphoid-lunate fusion, large triquetrum, and
shortness of all the components of the digital rays,
especially marked at the distal phalanges (figs 6 and 7). No
synostoses were present. X rays of the whole skeleton
showed no other relevant anomalies.

The unusual association of brachydactyly, abnormally
shaped carpal bones, and elbow dysplasia in our family and

Figure 4 Elbow and forearm of II.2 at 33 years. Extension from this
position was not possible.

Figure 5 Hand of II.2 at 33 years showing brachydactyly and fifth
finger camptodactyly.

Figure 6 X ray of the elbow joint of II.2 at 33 years showing enlarged
and poorly modelled bony components.

Figure 7 X ray of the hand of II.2 at 33 years showing abnormally
shaped carpal bones, scaphoid-lunate fusion (arrow), large triquetrum,
and brachydactyly.
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that described by Liebenberg in 19731 could be ascribed to
the same autosomal dominant clinical condition. Our
patients showed only some slight diVerences from Lieben-
berg’s family.

In our family, the bony components of the elbow joints
were consistently enlarged and poorly modelled. In
Liebenberg’s patients the radial head had a “bulbous
appearance” while the humeral condyles and the ulnar ole-
cranon and coronoid processes were “underdeveloped”.
The large triquetrum and camptodactyly of the fifth
fingers, which were described only in the 7 year old child of
the family of Liebenberg,1 were constant findings in our
patients. Moreover, patient III.4 had bilateral partial
syndactyly between the second and third fingers. Triqueto-
pisiform fusion, which was present in all Liebenberg’s
patients, was not found in our family. However, since the
ossification centre of the pisiform appears at about 10
years,4 triqueto-pisiform fusion would not be expected to
be seen in the children III.4 and III.5. Yet, in the mother,
II.2, the fusion is between the scaphoid and lunate.

The diVerential diagnosis between Liebenberg syn-
drome and the other skeletal disorders involving elbow
dysplasia/carpal synostoses and brachydactyly, such us the
multiple synostoses or facioaudiosymphalangism syn-
drome (MIM 186500),5 the tarsal, carpal, and digital syn-
ostoses syndrome (MIM 186400),6 and the Banki
syndrome (MIM 109300)7 is essential for prognosis and
genetic counselling. Indeed, Liebenberg syndrome seems
to cause no other relevant problem apart from limited
flexion-extension of the elbows and wrists while the evolu-
tion of the other disorders is often more severe.

The presence of tarsal synostoses and symphalangism
clearly diVerentiates both the multiple synostoses syn-
drome (SYNS1) (MIM 186500) and the tarsal, carpal, and
digital synostoses syndrome (MIM 186400) from Lieben-
berg syndrome which features only carpal synostosis.
Moreover, most SYNS1 patients have conductive deafness
and a characteristic facies with a broad hemicylindrical
nose without alar flare. Our patients do not show any facial
dysmorphism and, although audiological evaluation was
not performed, they apparently have no significant hearing
problem. No mention of facial dysmorphism and deafness
was made in the paper of Liebenberg.1 Finally, elbow dys-
plasia is not a feature of Banki syndrome.

The recent discovery that point mutations in the NOG
gene in the 17q22 region are the cause of both proximal
symphalangism (SYM1) and SYNS18 raises the question of
whether Liebenberg syndrome is also caused by mutations
in the same gene. The NOG gene codes for the polypeptide
noggin that acts as an inhibitor of bone morphogenetic pro-
teins (BMP), which are members of the transforming
growth factor â superfamily of signalling proteins
(TGFâ-FM).8 9 Thus, mutations in the NOG gene are likely
to cause an increased BMP activity which leads to excess
cartilage and failure of joint formation.9 Considering the
wide variability of the phenotypic eVects of NOG gene
mutations, which range from simple symphalangism to the
full SYNS1 syndrome, it would not be surprising if Lieben-
berg syndrome and some of the other syndromes featuring
synostoses were also caused by NOG gene mutations.
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Prenatal detection of trisomy for the
entire long arm of chromosome 7

EDITOR—Duplication of the long arm of chromosome 7 is
extremely rare; most of the reported cases are partial triso-
mies. The first and only previous case of complete 7q
duplication was reported in 1978 by Wahrman et al,1 who
described a proband at 3 years of age with a phenotype
including a large face with sloping forehead, downward
slanting palpebral fissures, bilateral epicanthic folds, low
set, malformed ears, short neck, and genitourinary and
renal anomalies. Here we report a case of duplication of the
whole of 7q with phenotypic characteristics similar to most
reported cases of partial trisomy 7q, which include frontal
bossing, low set, malformed ears, micrognathia, hyperte-
lorism, and skeletal abnormalities.2 3 The extent of the
duplication and verification of breakpoints were deter-
mined using FISH probes.

The patient was delivered by caesarian section at 34
weeks’ gestation to a G1, P0, 15 year old female. She was
first seen at 33 weeks’ gestation when a sonogram showed
multiple congenital anomalies including severe hydro-
cephalus, a two vessel umbilical cord, bowed femur,
clubbed feet, and dilated kidneys.

At birth, the infant was cyanotic with Apgar scores of 3
and 4 at one and five minutes, respectively. She weighed
3000 g and was 41 cm long. Head circumference was 44
cm (average at 34 weeks’ gestation is 31.5 cm). Multiple
congenital anomalies were noted in addition to those seen
on sonogram and included contractures of both hands and
feet, missing digits from the left hand, contorted right
hand, bilateral hip dislocation, low set, malformed ears,
micrognathia, small mouth, high arched palate, hyperte-
lorism, wide, beak-like bridge of the nose, increased inter-
mammary distance, and pulmonary hypoplasia (fig 1).
Mild to moderate tricuspid regurgitation was present. The
infant was placed on a ventilator with 100% oxygen, but
saturation did not improve. The infant died six hours after
birth from respiratory failure.
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At necropsy, additional congenital anomalies were
noted, including a dilated, tortuous right ureter with kink-
ing (fig 2). The lungs were markedly hypoplastic with
dilated airways and apical blebs. The hydrocephalic brain
contained about 500 ml of CSF in markedly dilated ventri-
cles. The mesencephalic aqueduct was markedly stenotic.

Cytogenetic studies on percutaneous umbilical blood
sampling (PUBS) obtained at 33 weeks’ gestation and cul-
tured fibroblasts obtained from the umbilical cord at birth
showed a duplication of the entire long arm of chromo-
some 7. This was confirmed by a FISH probe for the elas-
tin gene at 7q11.2 (Oncor). Three copies of the
FISH probes for the elastin gene and markers at 7q36
were present in each metaphase analysed, indicating
that the patient was trisomic for chromosome 7q.

Dual labelled centromere probes for 7 (Oncor) and 15
(Vysis) identified two centromeres each, with the 15
centromere on the derivative chromosome, confirming
7q and 15p breakpoints. The patient’s karyotype was
46,XX,der(15)t(7;15)(q11.2;p11.2) (fig 3). The mother’s
karyotype was normal, 46,XX; however, no sample was
available from the father for analysis. A fibroblast cell line
established from umbilical cord on the patient is available
through Coriell Cell Repositories (Camden, NJ).

Of all previously reported cases of trisomy 7q, there has
been only one reported case involving duplication of the
entire long arm of chromosome 7; we report the second case.
Trisomy 7q produces abnormalities aVecting virtually every
system in the body including the central nervous system, the
face, the musculoskeletal system, the heart, andthe genito-
urinary system, but the combination of specific malforma-
tions may vary among patients. Our case showed a number
of features similar to the previously reported case of duplica-
tion of the whole of 7q by Wahrman et al,1 including frontal
bossing, hypertelorism, low set, malformed ears, short neck,
downward slanting palpebral fissures, and skeletal and
kidney abnormalities. The features in our case not reported
by Wahrman et al1 include hydrocephalus, bilateral clubbing

Figure 1 The patient showing the physical features including
hydrocephalus, low set ears, micrognathia, deformed hands and feet,
hypertelorism, and small mouth.

Figure 2 Dilated, tortuous right ureter with kinking noted at necropsy.

Figure 3 Cytogenetics. (A) Partial karyotype of the patient chromosomes
7 and 15, with the duplicated 7q translocated onto the short arm of
chromosome 15 (on far right), (B) FISH confirmation of 7q duplication
with three sets of signals for elastin and marker probes, and (C) FISH
centromeric probes for 15 (long arrow) and 7 (short arrow). The der(15)
is on the far left (long arrow).
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of the hands and feet, micrognathia, increased intermam-
mary distance, and pulmonary hypoplasia.

The features in our case were also similar to those
described in partial trisomies of 7q. The majority of reports
of partial trisomy 7 result from a parental balanced trans-
location (reciprocal or insertion) or inversion 7. Clinical
findings for duplications for 7q22q31, 7q31qter, and
7q32qter have been well accepted as having characteristic
abnormalities.2 3 Because trisomies of other regions usually
involve deletion of another chromosome region owing to
missegregation of a balanced translocation or crossing over
of an inverted 7, review of cases included those that only
contained duplicated 7q material (table 1). Kidney abnor-
malities and lung hypoplasia have been reported in trisomy
7 and mosaic trisomy 7 cases.

We wish to thank Mrs Cindy Cutenese for her technical expertise.
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Cockayne syndrome associated with
low CSF 5-hydroxyindole acetic acid
levels

EDITOR—Cockayne syndrome is a rare, clinically heteroge-
neous disorder, characterised by severe growth failure,
cognitive impairment, characteristic facies, and photosen-
sitivity. In the older patient the face has a characteristic
aged appearance with sunken orbits, a relatively large,
“beak-like” nose, and narrow mouth and chin. Both the
central and peripheral nervous systems are involved in this
neurodegenerative disorder with pigmentary retinopathy,
delayed nerve conduction velocities, sensorineural hearing
loss, progressive spasticity, and cerebellar involvement with

dysarthria, tremor, and ataxia. The cerebral histopatho-
logical changes most commonly seen are patchy demyeli-
nation of the subcortical white matter and microscopic
calcifications throughout the central nervous system.
Calcification of the basal ganglia may be visible on CT
scan.1–3 The diagnosis of Cockayne syndrome is made on
clinical grounds in association with the failure of RNA
synthesis in cultured fibroblasts or lymphoblastoid cells to
recover to normal rates after UV-C irradiation.2 4 Inherit-
ance is presumed to be autosomal recessive.1

Here we report a patient with Cockayne syndrome in
whom cerebrospinal fluid 5-hydroxyindole acetic acid was
markedly reduced. To date there are no reports of
abnormalities of the cerebrospinal fluid neurotransmitters
in association with Cockayne syndrome. This finding may
provide insight into the pathogenesis of the central nervous
system abnormalities. Furthermore we have described the

Table 1 Clinical characteristics of duplication 7q and trisomy 7

Clinical features Our pt
q11.2
qter1 tri 74 5

q11.22
q11.236

q11
q227

q21.2
q22.18

q22
q312 3

q22
q36.19

q31
qter2 3

q32
qter2 3

q33
qter10

q34
qter11

q36
qter12

Developmental retardation + + + + + + + + +
Hypertelorism + + + + + + + + + + +
Epicanthus + + + + +
Strabismus + + + +
Low set ears + + + + + + + + + + +
Small palpebral fissures + + +
Frontal bossing + + + + + + + +
Hypotonia + + + + + +
Low birth weight + + + +
Wide open fontanelle + + +
Small nose + + +
Cleft palate +
Microretrognathia + + + + +
Skeletal abnormalities + + + + + + +
Neonatal death + + + +
Kyphoscoliosis + +
Large head + + + + + +
High arched palate + + + + +
Short neck + + + + + + + +
Widely spaced nipples + +
Kidney abnormalities + + + +
Lung hypoplasia + +
Cardiac defect + + +
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patient’s body composition in terms of resting energy
expenditure, total body protein, fat, and bone mineral den-
sity which are relevant to management of the progressive
cachexia associated with this disorder.

The proband, a 16 year old male, is the third child of
consanguineous Sri Lankan parents and was born at term
with a birth weight of 2722 g. His early expressive speech
development was delayed, but gross and fine motor devel-
opment were within normal limits. He initially presented at
8 years of age with tremor and poor motor coordination. A
cerebral CT scan at that time was normal. He was
re-evaluated at the age of 14 years. At this time he had an
obvious intention tremor, gait ataxia, mild cognitive
impairment, bilateral high tone sensorineural hearing loss,
and poor growth. His parents reported extreme sun sensi-
tivity, dry skin, and poor sweating in hot conditions.

On physical examination at 14 years, the proband had
slightly sunken eyes, thin hair, and dry skin. His speech was

slow and mildly dysarthric. His height, 136 cm, and weight,
32 kg, were both below the 3rd centile (50th centile for 9
years) and head circumference, 52.5 cm, was on the 2nd
centile (50th centile for 8 years). He had normal secondary
sexual characteristics. Neurological examination showed
cerebellar dysfunction with a marked, coarse, irregular
intention tremor with overshooting, slow fine finger move-
ments, and heel-shin incoordination. His gait was broad
based and unsteady with flexed posture and toe walking.
Dystonic posturing of his left arm and fingers were noted
intermittently. There was minimal involuntary movement
at rest. Muscle tone and power were within normal limits.
Deep tendon reflexes were brisk, but his plantar reflexes
were downward. There was no clinical evidence of periph-
eral neuropathy. Examination of his cranial nerves showed
saccadic hypermetria, but no nystagmus. The pupils were
poorly reactive to light and he was unable to converge. On
neuropsychological testing there were specific deficits in

Figure 1 Spin echo T2 weighted image and axial fast field sequence (A) shows decreased signal intensity foci in the globus pallidus, consistent with
calcification. There is global cerebral atrophy with thinning of the white matter and ventricular dilatation. The pattern of myelination (B) approximates
that of a 12 month old child.

Figure 2 The proband at 16 years of age with the characteristic facial features of Cockayne syndrome with sunken eyes, “bird-like nose”, and aged
appearance.
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short term memory, abstract reasoning, skills of generativ-
ity, and mental flexibility.

A repeat CT scan at 14 years of age showed generalised
cerebral atrophy and calcification of the globus pallidus,
which on MRI scan presented as decreased signal intensity
of the globus pallidus (fig 1). In addition, there was atrophy
of the cerebellum, temporal lobe structures, hippocampal
formation, and brain stem. The pattern of myelination
approximated that of a 12 month old child. Nerve conduc-
tion studies showed absent sensory action potentials and
moderately slowed motor conduction (29 m/sec at the right
common peroneal nerve). There was segmental demyelina-
tion and onion bulb formation on sural nerve biopsy.

Other investigations at this time included a full blood
count, serum electrolytes, liver function tests, calcium,
phosphorus, glucose, parathyroid hormone, copper, caeru-
loplasmin, 25-hydroxycalciferol, uric acid, cholesterol,
triglycerides, thyroid function tests, vitamin A, vitamin D,
vitamin E, vitamin B12, á-fetoprotein, urinary amino and
organic acid analyses, very long chain fatty acids, phytanic
acid, lysosomal enzymes, transferrin isoforms, trinucleo-
tide repeat expansion studies for spinocerebellar ataxia
types 1, 2, and 3, Friedrich’s ataxia, Machado-Joseph dis-
ease, dentatorubropallidoluysian atrophy, and a karyotype.
All investigations were normal. Analysis of mitochondrial
respiratory chain enzymes in skeletal muscle showed a bor-
derline low complex III activity relative to protein (36%
relative to control mean), but normal relative to citrate
synthase (74% of control mean). The common mitochon-
drial DNA point mutations for MELAS, MERFF, NARP,
and Leigh syndrome were not detected in skeletal muscle
DNA.

Cerebrospinal fluid protein was raised above the normal
range on two occasions, 0.76 g/l and 0.65 g/l (normal range
<0.3 g/l). Cerebrospinal fluid and plasma lactates were
normal. On analysis of cerebrospinal fluid neurotransmit-
ters, there was a low 5-hydroxyindole acetic acid level, 0.03
µmol/l (normal range 0.13-0.21 µmol/l) and a normal
homovanillic acid level with a ratio of 5-hydroxyindole
acetic acid:homovanillic acid of 0.1 (normal 0.3-0.8).5

Cerebrospinal fluid amino acid levels including tryptophan
were normal.6 Peripheral serotonin levels, urinary
5-hydroxyindole acetic acid, and platelet serotonin were
also normal, as were plasma phenylalanine levels and dihy-
dropteridine reductase activity. In view of these findings a

primary disorder of central serotonin metabolism was con-
sidered and the proband started treatment with
5-hydroxytryptophan, 1 mg/kg/day.

Over a two year period the dose of 5-hydroxytryptophan
was gradually increased to 5 mg/kg/day. There was no
obvious clinical improvement, but on the other hand, his
cognitive function, tremor, and gait have not deteriorated
and cerebral MRI scan showed no change. During this
period, however, he developed a pigmentary retinopathy,
lost 3 kg in weight, and his facial appearance came to
resemble a “cachectic bird-nose dwarf”1 with sunken eyes
(fig 2). Despite continued treatment with 5-hydroxy-
tryptophan, cerebrospinal fluid levels of 5-hydroxyindole
acetic on two further occasions have remained markedly
low (0.02 and 0.03 µmol/l).

The clinical diagnosis of Cockayne syndrome was
confirmed by survival studies of Epstein-Barr virus
transformed B cells after irradiation with UVB7 (fig 3).
These studies show that the proband’s cells were very sen-
sitive to irradiation, with only 1% of cells surviving a dose
of 100 J/sq m UVB. In comparison, the normal controls’
cells did not approach 1% survival until irradiated with
doses of 250 J/sq m and over. To confirm the Cockayne
phenotype further, the rate of RNA polymerase II
transcription in the lymphoblastoid cells was compared
with control lymphoblastoid cells. The constitutive incor-
poration of 14C-uridine over 90 minutes was found to be
64 ± 2% (n=4) of the control lymphoblastoid cells (after
normalisation against thymidine incorporation). This is
within the 40-70% range for Cockayne syndrome lines
reported by Balajee et al,4 who also found that xeroderma
pigmentosa cells had the same rate of RNA synthesis as
controls.

Because of progressive weight loss, the proband was
referred for nutritional assessment. The resting energy
expenditure measured by indirect calorimetry was 75% of
the predicted value, 3856 kJ/24 h, with a predicted resting
energy expenditure based on age, sex, height, and weight
for healthy children of 5135 kJ/24 h.8 The respiratory quo-
tient was 0.89, indicative of appropriate nutritional intake.

Figure 3 Survival of Epstein-Barr virus transformed B cells after
irradiation with UVB. Results are expressed as % of the incorporation of
3H-thymidine three days after irradiation. The results of our patient are
shown together with those from cell strains from three normal controls
(WW2, SS, 11224). These results illustrate the marked sensitivity to UVB
light, with only 1% of cells surviving 100 J/sq m as compared to doses of
250 J/sq m and over required to achieve similar survival rates in the
control cells.
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Table 1 Clinical features previously reported in Cockayne syndrome and
those seen in our patient

Clinical feature
Reported in Cockayne
syndrome*

Present in this
patient

Age of onset 3–5 y2 8 y
Psychomotor development
Delayed 50/131 (38)1 +
Central nervous system
Movement disorder 4/131 (<5)1 +
Tremor 42/131 (32)1 +

12/24 (50)3

Speech abnormality 28/131 (21)1 +
Gait abnormality 35/131 (27)1 +

25/27 (92)3

Basal ganglia calcification 21/47 (45)1 +
Ophthalmological
Pigmentary retinopathy 70/128 (55)1 +

13/24 (54)3

Cataracts 46/128 (36)1 −
5/23 (22)3

Optic atrophy/hypoplasia 43/128 (34)1 −
Nystagmus 27/128 (21)1 −
Inability to converge Not reported +
Unreactive pupils Not reported +
Hearing loss 47/78 (60)1 +

16/27 (59)3

Dental caries 43/50 (86)1 −
9/14 (64)3

Skin photosensitivity 67/92 (73)1 +
24/25 (96)3

Growth failure (100)1 3 +
Biochemical investigations
Increased cerebrospinal fluid protein 19/30 (63)1 +
Decreased cerebrospinal fluid

5-hydroxyindole acetic acid
Not reported +

*Number reported and percentage in brackets with reference.
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Total body protein measured by neutron capture analysis9

was low for age (65%) but above predicted for weight
(112%), height (112%), and lean body mass (108%). Total
body bone mineral density measured by dual energy x ray
absorptiometry10 was on the 50th centile for age, 1.141
g/cm3. Total body fat tissue measured by dual energy x ray
absorptiometry was 31.2%.

Our patient’s clinical features are consistent with the
diagnosis of Cockayne syndrome (table 1). Diagnostic cri-
teria include growth failure after normal or slightly low
birth weight, neurological dysfunction with cerebral white
matter involvement plus at least three of the following fea-
tures: cutaneous photosensitivity, progressive pigmentary
retinopathy/cataracts, optic disc atrophy, miotic pupils or
decreased lacrimation, sensorineural hearing loss, dental
caries, short stature, and a characteristic physical appear-
ance of “cachectic dwarfism”.1 Atypical features in our
patient include later age of onset of neurological signs,
absence of dental caries, and only mild cognitive
impairment. The diagnosis of Cockayne syndrome was
supported by finding hypersensitivity to UV light in
Epstein-Barr virus transformed lymphoblasts. The patho-
genesis of Cockayne syndrome is poorly understood. The
cells of patients with Cockayne syndrome are hypersensi-
tive to the lethal eVects of UV light because they have a
defective subpathway of nucleotide excision repair known
as “transcription coupled repair”.11 Cockayne syndrome is
genetically heterogeneous. Two disease genes have been
identified, CSB on chromosome 10q11 and the CSA gene
maps to chromosome 5.12 13 Both proteins play an essential
role in preferential repair of transcription blocking lesions
from active genes.14 The CSB protein is a member of the
SW12/SNF2 family of ATPases whose function is thought
to involve remodelling of protein-DNA interactions, such
as chromatin structure in diVerent situations. The CSA
gene encodes a “WD repeat” protein.13

A unique finding in our patient was very low cerebrospi-
nal 5-hydroxyindole acetic acid and normal homovanillic
acid levels on three separate occasions. The peripheral
serotonin levels were normal. The metabolic pathways of
5-hydroxyindole acetic acid and homovanillic acid are
shown in fig 4. The concentrations of 5-hydroxyindole
acetic acid and homovanillic acid in the cerebrospinal fluid
are thought accurately to reflect the turnover of catecho-
lamine neurotransmitters.15 The low 5-hydroxyindole ace-
tic acid, in association with normal tryptophan and
homovanillic acid in the cerebrospinal fluid and normal
peripheral serotonin, is suggestive of low brain serotonin
turnover with normal dopamine turnover and may suggest
a primary central serotonin deficiency, a selective sero-
toninergic tract degeneration, or an isolated central
nervous system tryptophan hydroxylase deficiency. This
finding in our patient may provide some insight into the

mechanism of the neurological complications and the ina-
nition of Cockayne syndrome given the putative roles of
serotonin in control of movement and appetite. We treated
our patient with 5-hydroxytryptophan (5 mg/kg/day) in an
attempt to increase his cerebrospinal fluid 5-hydroxyindole
acetic acid levels, with no change in levels observed. How-
ever, from a clinical point of view, he has had no further
deterioration in cognitive or neurological function.

The cause of death in the majority of cases of Cockayne
syndrome has been secondary to inanition and thus atten-
tion to nutrition is essential to patient care and well being.1

Although our patient was always small for his age, he
recently showed accelerated weight loss. In the setting of
premature aging we predicted an increased metabolic rate,
but, surprisingly, detailed energy expenditure studies indi-
cated a lowered metabolic rate. This is similar in subjects
with anorexia nervosa, whose resting energy expenditure is
reduced when compared to healthy, aged matched
controls.16 With re-feeding, however, the resting energy
expenditure in anorexia nervosa subjects normalises, with
concomitant increases in body weight. It would therefore
appear possible to manage Cockayne syndrome patients
with programmes that correct the energy deficits, docu-
mented by energy expenditure studies. Whether such
strategies will prevent deterioration in nutritional status
remains to be shown.
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Figure 4 Synthetic and catabolic pathway of serotonin and dopamine. 5-hydroxyindole acetic acid is formed initially from tryptophan in a reaction
catalysed by tryptophan hydroxylaseV2 to form 5-hydroxytryptophan (5HTP), which requires molecular oxygen and tetrahydrobiopterin (BH4) for its
activity. 5-hydroxytryptophan is decarboxylated by pyrimidine dependent aromatic L-amino acid decarboxylaseV3 to form the active neurotransmitter
serotonin. Serotonin is catabolised by monoamine oxidaseV4 to form 5-hydroxyindole acetic acid (5HIAA). Tyrosine is metabolised by tyrosine
hydroxylaseV1 to L-dopa. Aromatic L-amino acid decarboxylaseV3 is also required for the decarboxylation of L-dopa to dopamine, which is then catabolised
to homovanillic acid by monoamine oxidase and catechol O-methyl-transferaseV5 .
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Unilateral lobar pulmonary agenesis in
sibs

EDITOR—Pulmonary agenesis is an extremely rare congeni-
tal malformation which has been classified morphologi-
cally by the extent to which bronchopulmonary tissue is
absent. Spencer1 divided pulmonary agenesis into (1)
bilateral complete agenesis, (2) unilateral agenesis with (a)
complete absence of bronchi, (b) rudimentary bronchus
present but no pulmonary tissue, or (c) poorly developed
main bronchus with poorly organised parenchyma, and (3)
lobar agenesis. The incidence of this rare condition is not
known. According to the calculations of Mardini and
Nyhan2 it may range between 0.0034 and 0.0097%. Famil-
ial pulmonary agenesis is even more uncommon. We found
only two published reports of aVected sibs.3 4 One pair of
sibs had agenesis of the right upper and middle lobes3 and
the other pair suVered from bilateral agenesis.4

The paucity of such observations prompts us to report
another instance of pulmonary agenesis in a brother and a
sister of healthy and non-consanguineous parents. The
family history was unremarkable and both pregnancies
were uneventful. The mother had no infections and denied
any abuse of teratogenic substances. Chromosomes were
not studied in either case.

The first child, a female, was delivered spontaneously at
term with a birth weight of 3500 g. Birth length and head
circumference were not recorded. The mother was 27 years
old and the father 36 years old. At the age of 11 months she
was admitted to hospital because of stridor and dyspnoea.
The interpretation of the chest x ray was spontaneous
pneumothorax on the left side with dextrocardia and com-
pression atelectasis of the right upper lobe. Over the
following years, she suVered from asthmatic bronchitis
secondary to recurrent infections. Psychomotor develop-
ment was within the normal range. Pulmonary re-
evaluation at the age of 12 years, including bronchoscopy,
showed a suspicion of partial agenesis of the right lung. At
the age of 24 years her bronchial asthma deteriorated. Ten
years later she was admitted to hospital because of decom-
pensated cor pulmonale. Since then she has had repeated
episodes of acute cardiopulmonary decompensation. She
died at the age of 42 years following a further episode of
decompensated cor pulmonale. Necropsy disclosed dex-
trocardia, agenesis of the middle lobe, aplasia of the upper

lobe, and hypoplasia of the lower lobe of the right lung with
hypoplasia of the right pulmonary artery.

The younger brother was born at term six years after his
sister. Birth weight was 2980 g and length 48 cm. From
early on, tachypnoea, dyspnoea, and feeding diYculties
were noticed. Physical examination showed diminished
breath sounds on the right upper side with the cardiac
impulse shifted to the right side and a systolic heart
murmur. Chest x ray (fig 1) showed no heart on the left
side but a hypervoluminous left lung with prominent
vasculature. The carina projected at the level of T6 and the
right main stem bronchus seemed sharply cut oV at its
lower end. The right side was reduced in volume and
seemed almost completely opacified except for a median
lucency from herniated left lung. No skeletal abnormalities
were visible. At the age of 7 months, he was treated for right
sided pneumonia. Two months later he was admitted to
hospital because of severe asthmatic bronchitis. There was
a rapid deterioration leading to respiratory arrest.
Necropsy disclosed agenesis of the right upper lobe, partial
atelectasis of the remaining right lung, severe hypoplasia of
the right pulmonary artery, dextrocardia, hypertrophy of
the right atrium and ventricle, a patent foramen ovale, and
a defect in the upper part of the ventricular septum.
Furthermore, there was bilateral meatal ureteral stenosis
with hydroureters and hydronephrosis, a small accessory
spleen, and mild hydrocephalus internus.

In the review on agenesis of the lung by Gilbert and
Opitz,5 approximately 200 patients with unilateral involve-
ment were found. In 70% of cases the left side was involved
and males predominated over females. Associated malfor-
mations were present in 50% of the cases. Major anomalies
included congenital heart defects, spinal anomalies, anal
atresia, tracheo-oesophageal atresia, spleen anomalies, dia-
phragmatic hernia, renal anomalies, cleft palate, and limb
and facial defects.6 Cunningham and Mann7 found that
ipsilateral anomalies of the first and second branchial arch
or radial ray defects or both are the most common overt
malformations. In contrast to bilateral agenesis of the lung,
unilateral absence is compatible with life, but has a high
mortality, most likely because of the presence of associated
malformations/infections of the remaining lung tissue.
Infants with right sided lung agenesis have a higher
mortality and die significantly earlier. This is probably
related to a more severe mediastinal and cardiac displace-
ment into the right chest.8 Survival to adult age is possible
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as shown in our patient 1 or in a case with agenesis of the
left lung detected at necropsy in a 72 year old woman.9

Most cases present in the neonatal period with
non-specific respiratory symptoms such as cyanosis,
tachypnoea, dyspnoea, stridor, or feeding diYculties.
Physical examination may be normal, but can show dimin-
ished breath sounds on the aVected side with the heart and
mediastinum shifted to the ipsilateral side. Chest x rays
which show a homogeneous density in one hemithorax
suggest the diagnosis, but endoscopic, bronchographic,
and echocardiographic studies, as well as computerised
tomography are necessary for confirmation.

The aetiology of lung agenesis remains unknown.
According to the possible associated anomalies, this rare
malformation has been discussed as part of the VACTERL
association10 and Goldenhar syndrome.11 Warkany et al12

induced pulmonary agenesis of one lung, but also other
major malformations of the eyes and cardiovascular and
urogenital systems by maternal gestational vitamin A defi-
ciency in rats. Chromosomes were not studied in the older
reports. However, Say et al13 described a patient with agen-
esis of the left lung who had a duplication of the region
2p21→p24 resulting in a partial trisomy 2p and Schober et
al14 reported a case with left pulmonary agenesis and asso-
ciated malformations in partial trisomy 2p (p21→pter) and
21q (pter→q21) owing to an unbalanced segregation of a
maternal reciprocal translocation t(2;21). The minimal
overlapping region of duplication includes the segment
2p21→p24. Therefore, Say and Carpenter15 suggested
studying patients with pulmonary agenesis for the presence
of such a duplication. Unilateral agenesis has also been
documented in trisomy 1816 and in trisomy of a C group
chromosome.17

Pulmonary agenesis in twins was reviewed by
Lehmann.18 In female monozygotic twins, one sister had
agenesis of the left and the other agenesis of the right
lung.19 Yount20 documented agenesis of the right lung in
concordantly aVected monozygotic twins, while others
found pulmonary agenesis in only one of monozygotic
twins.21 22 Concordant occurrence of congenital malforma-
tions in monozygotic twins does not necessarily imply a
genetic cause and vice versa.23

The only clear indication of possible autosomal recessive
inheritance of unilateral pulmonary agenesis so far was the
family reported by Brimblecombe.3 The healthy parents
were first cousins and had two normal children and two

aVected girls with agenesis of the right upper and middle
lobes. Our report is the second case of unilateral lobar pul-
monary agenesis in sibs and supports the hypothesis of an
autosomal recessively inherited disease. Alternatively, our
observation could be explained by an extrinsic origin
(infection during pregnancy, drugs, environmental sub-
stances, etc), for which, however, we do not have the
slightest proof. Further support for the presence of a rare
autosomal recessive gene for unilateral pulmonary agenesis
comes from the observation of Mardini and Nyhan,2 who
documented parental consanguinity in four patients; two
patients had right upper and middle lobe agenesis and two
presented with left sided pulmonary agenesis. All had asso-
ciated congenital heart defects and three infants presented
with abnormalities of the thumb. Podlech et al,4 who
observed a family with one healthy and two aVected
children with bilateral agenesis of the lung, concluded that
an autosomal recessive mode of inheritance could also be
valid for bilateral pulmonary agenesis. Embryogenesis of
human lung development is poorly understood, but in mice
Fgf10 (fibroblast growth factor 10) is an important regula-
tor of limb and lung formation.24 Homozygous Fgf10 defi-
cient mice die at birth owing to lack of lung development.

In conclusion, our report suggests an autosomal
recessive gene or genes which cause pulmonary agenesis
with optional heart, kidney, and other defects. In such
cases, a 25% recurrence risk should be considered in
genetic counselling.

We are grateful to Dr U Willi for interpretation of the chest x ray.
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Correction
In the paper by Carroll et al in the February 1999 issue of the journal (J Med Genet 1999;36:94-6), the intronic
polymorphism in PTEN was reported as IVS4+109InsACTAA. The correct sequence should be IVS4+109InsATCTT.
The authors would like to apologise for any confusion caused by this error.
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