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Abstract

Neonatal diabetes mellitus is a rare condi-
tion, the causes of which are mostly
unknown. One well defined though very
rare entity is the autosomal recessive
Wolcott-Rallison syndrome, in which per-
manent neonatal diabetes, osteopenia,
and epiphyseal dysplasia occur. Only five
previous families have been reported, and
here we describe the second in which
parental consanguinity was present. The
proband was born to first cousin parents
and died at 2 years from the sequelae of
poorly controlled diabetes. To test the
hypothesis that mutation of PAX4, re-
quired in the mouse for pancreatic islet f
cell development, might cause WRS, the
structure of the human PAX4 gene was
deduced and DNA from two unrelated
WRS patients sequenced. No PAX4 muta-
tion was present, though the entire coding
region was sequenced in both patients. It
therefore appears unlikely that PAX4 is
involved in the aetiology of Wolcott-
Rallison syndrome, though it remains a
good candidate for other forms of neona-
tal diabetes mellitus.

(F Med Gener 1998;35:288-292)
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The combination of permanent neonatal
diabetes mellitus and a skeletal dysplasia,
manifested early on by osteopenia and frac-
tures, and later by the development of spondy-
loepiphyseal dysplasia, was first reported in
1972 by Wolcott and Rallison.! Only four
further families have been described, three with
sib recurrences and one isolated case with a
mosaic del(15)(q11-12).>* Patients have been
of both sexes, with normal parents, so that
Wolcott-Rallison syndrome (WRS) appears to
be an autosomal recessive trait. The clinical
outcome in several of the reported cases has
been poor, owing either to late diagnosis or
poor control of the diabetes mellitus, which
seems to be brittle, with extreme insulin sensi-
tivity.

The family of the new patient we describe
here is the second from the Arabian peninsula,
and also the second in which there has been
parental consanguinity. In one previous case of
WRS, pancreatic immunohistochemistry
showed depletion of insulin staining cells, with
the majority of the cells in the prominent islets
staining for glucagon.’ This is very similar to

the picture in the homozygous Pax4 knockout
mouse, which dies of lethal B cell aplasia.® To
test the hypothesis that mutations of human
PAX4 might cause WRS, we deduced the
exon-intron structure of this gene by compari-
son to the murine cDNA sequence, and
analysed DNA from the new family described
here, and of the previously described consan-
guineous case.* The results indicate that PAX4
is unlikely to be the WRS gene, though it
remains a good candidate gene for involvement
in other cases of neonatal diabetes, for which
the present analysis of the PAX4 intron-exon
structure will be useful.

Methods

ANALYSIS OF PAX4

By BLAST searching with a single published
putative human PAX4 exon,’ a cosmid
(g1572c264) was identified from within the
Olson Laboratory chromosome 7q31.3
contiguous  sequencing project  (http://
chimera.biotech.washington.edu/uwgc/projects/
chr-7/chr7proj.htm). Its 46.6 kb sequence was
then compared to published partial murine Pax4
cDNA (Y09584°) and genomic® sequences
using UWGCG BESTFIT.’ Together with the
results of splice junction prediction using
NetGene,"” six human PAX4 exons (B-G),
encompassing the entire paired and homeo
domains, could be unambiguously identified.
A similar analysis using additional unpub-
lished murine cDNA sequence (L St Onge, P
Gruss, unpublished data) allowed identifica-
tion of four further exons. Based on this exon-
intron structure, six primer pairs (0f/r to 5f/r)
were used to amplify the gene in segments (fig
1) and PCR products were sequenced directly
using the remaining primers and o”’P-ddNTP
or dye terminator Thermosequenase Kkits
(Amersham).

The PAX4 primer sequences were:
0of: CAGCTGGAGACAACAGCTGTCCAT,
Or: GTTGATGGAAGCAAAGCCCTGAGG;
1f: CCGTGAGCCAGCTCTCAAAGAAAG-
CAGCTT, 1r: AAACTTATGGGTCAGAA-
TTGCCCAGGAGCC; 2f: AAGGGCAAC-
ATCCTCAGGGTATAGCCCTGA, 2r: TG
CTTCCAATTTCTCACCTCCCCTCTCC-
AC; 3f: GATGTCAGGCCCAAGGAAGG
GTCAA, 3r: GATGACTGAGCGGGCAGAT-
GGATG; 4f: TTCACACCCCTGCAAGAAG-
TGGCT, 4r: AATGGAGATCCATGCCCTC-
CTGGA; 5f: CTGCCCACTACTGTATGG-
CTTGGA, 5r: AGAGTGGGCATAGGGGT-
GCTCATA; 1sl: GCTCTTGCCTTCAG-
AGGA, 1s52: CCCAGGGACACTCTCCTT;
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Figure 1  Parvial structure of the human PAX4 gene, deduced from the sequence of cosmid g1572c264. Exons and introns are to scale; the exons are
provisionally labelled A-J, since the full extent of the gene (in particular of any additional 5' exons, as in PAX6) is not known for certain. The predicted
exon positions are at nt [31545]-31434, 31049-30919, 30613-30398, 30075-30000, 29399-29274, 29049-28967, 28608-28539, 27525-27470,

27201-27060, and 26510-26326 of the cosmid. The 5' boundary of the first of these exons (A) cannot be defined with certainty, as indicated by the
parentheses. The paired and h, ds ins are shaded respectively light and dark grey, both in the diagram and in the sequence alignment, in which
predicted ami es of hi (Hu:) and mouse (Mu:) PAX4 are compared. The hatched box downstream of exon G indicates a
tetranucleotide repeat e. Olig leotide primers (see Methods) are indicated by arrows, with the pairs used for PCR joined by brackets.

2s1: ACGAGAAAGGGCTTTGAG, 2s2:
AGCCCCAGAGACTCAGGGA; 2s3: TT-
GGGGTTGTAGCAGGTGG.

Case report

The proband was born at 28 weeks’ gestation,
weighing 1100 g, the fourth child of first
cousin Saudi parents. The previous three sibs
were healthy. Proptosis, a wide anterior fonta-
nelle, and high arched palate were noted at
birth, and the baby was ventilated for respira-
tory distress. On day 4, a blood glucose of 22.3
mmol/l and glycosuria were noted and insulin
treatment begun. Before this, blood glucose
had been normal. The insulin was discontin-
ued on day 28 and extubation achieved on day
35.

Bilateral femoral fractures occurred on day
72, at which time the baby’s sclerae were noted
to be blue, and a presumptive diagnosis of
osteogenesis imperfecta was made. He was dis-
charged home apparently well on day 90, but
readmitted at 4 months with severe dehydra-
tion owing to diabetic ketoacidosis and a blood
glucose of 50.8 mmol/l. Subsequent diabetic
control was poor, with frequent hypo- or
hyperglycaemia, and when seen at 8 months
there was gross motor delay and a spastic
diplegia with bilateral ankle clonus.

At 11 months the patient weighed 5 kg. He
was hypotonic and immobile in the supine
position. There was marked anteroposterior
head flattening, with wide open sutures and
fontanelles. There was proptosis, and the
palpebral fissures slanted downwards mark-

edly. The sclerae were grey/blue, the palate
high arched, and teeth absent. The chest was
also flattened anteroposteriorly and there was a
thoracolumbar kyphosis. Both femora were
bowed (fig 2B). A CT scan showed gross ven-
tricular dilatation.

Review of x rays performed at this time
showed brachycephaly with poor ossification of
the skull and Wormian bones. Long bones were
undertubulated, with thin cortices and osteo-
penia (fig 2B). There was a thoracolumbar
kyphosis (fig 2C) and platyspondyly.

During his second year, the proband was
admitted several times on account of respira-
tory infections. His diabetes was managed with
twice daily isophane insulin. There was severe
psychomotor delay. He was referred elsewhere
for neurosurgical assessment of his hydro-
cephalus, but before that developed urinary
tract infection with severe diabetic ketoacidosis
and died aged 2 years.

A further healthy sib was born after the index
case. The sixth child in the family, now aged 5
months, was then born at 30 weeks’ gestation,
weighing 1500 g. He presented at 25 days with
diabetic ketoacidosis, and has also been
diagnosed to have permanent diabetes melli-
tus, currently well controlled on isophane insu-
lin (2 U bid). A skeletal survey at 1 month of
age showed normal bones. At 5 months, he
weighed 5.5 kg. Psychomotor development is
normal. There are no dysmorphic features and
sclerae are not blue. The OFC is appropriate
for age, and the anterior fontanelle is of normal
size.



Results

We considered a number of possible aetiologies
for WRS. One possibility is homozygosity for a
deletion of two or more genes, one involved in
pancreatic islet development, and the other in
the skeleton. With the osteogenesis imperfecta-
like features, COL1A1 or COL1A2 could be
involved in such a contiguous gene syndrome;
homozygous COL1A2 deficiency has been
previously seen in severe progressive OL'
However, dermal fibroblast collagen biosyn-
thesis was normal in one previous WRS
patient’ and the proband was heterozygous for
polymorphisms at both COL1Al and
COLI1A2, making such a scenario unlikely,
given the parental consanguinity. We therefore
considered known causes of neonatal diabetes.
Paternal uniparental disomy (UPD) of chro-
mosome 6 has been reported in several cases of
transient neonatal diabetes mellitus,'? as well as
in one child who died aged 16 days with agen-
esis of pancreatic B cells.” UPD6 could not
account for WRS, though, given the sib recur-
rences.

Because neonatal diabetes is so rare, it is
likely that identification of other genetic defects
in this condition may come from experimental
studies in the mouse. For example, mutation of
the homeodomain transcription factor gene
IPF1 causes pancreatic agenesis in both mouse
and human.” " In the present and previous
cases of WRS, there was no evidence for an
exocrine pancreatic defect, and in one case the
pancreas was macroscopically normal,” making
IPF1 an unlikely candidate gene. However, it
was recently shown that homozygous null
mutation of the murine Pax4 gene causes
selective B and & cell agenesis with lethal
neonatal diabetes, but preservation of the other
components of the pancreas.® This selectivity
for the pancreatic islet, and the recessive nature
of the mutation, make PAX4 a good candidate
gene for WRS.
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Figure 2 Radiographs of proband. (A) Bilateral femoral fractures, resulting in later deformity (B). The long bones are also abnormally modelled, and
show osteopenia with thin cortices. In (B), there is a further fracture of the left tibia and fibula. (C) Lateral spine to show kyphosis in the lumbar region.

PAX4 GENE STRUCTURE

Pax4 is one of a family of mouse genes contain-
ing the 128 amino acid DNA binding “paired”
domain.® Like its closest relative (Pax6), it also
contains a second DNA binding homeo
domain. The conserved developmental func-
tions of human and mouse Pax genes are indi-
cated by the similar phenotypes owing to
mutations of, for example, PAX6 (aniridia) and
Pax6 (small eye) or PAX3 (Waardenburg
syndrome) and Pax3 (splotch). No human
PAX4 sequences are available in public data-
bases, and PAX4 cDNAs, either human or
mouse, are not identifiable in dbEST. The
scarcity of transcripts has in fact aroused
suspicions that Pax4 might be a pseudogene.® '
A single human exon sequence, similar to Pax4
and located on chromosome 7q32, has how-
ever been reported.” Within the University of
Washington Chromosome 7q31.3 Sequencing
Project, we identified a recently completed 47
kb sequence (g1572c264, AC000359) contain-
ing this putative PAX4 exon, and by splice
junction prediction and sequence comparison
were able to locate a further nine PAX4 exons
within the cosmid. As shown in fig 1, this
allowed us to deduce a partial PAX4 gene
structure, the 10 identified exons including the
entire region coding for the predicted PAX4
protein. As in PAX6, the paired and homeo
domains are contained in six exons (B-G),
whose close homology to published partial
murine Pax4 sequence is shown in fig 1. A
short (~30-40 residue) proline rich region
between the paired and homeo domains is less
well conserved than either of the DNA binding
domains flanking it.

ANALYSIS OF PAX4 IN PATIENTS

The primers indicated in fig 1 were used to
amplify PAX4 from genomic DNA of the
proband and the previously reported case 2 of
Al-Gazali ez al.* All 10 exons were then directly
sequenced. These DNA sequences all proved
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completely identical to that of the g1572¢c264
cosmid with one exception. In the proband,
there was a heterozygous G—A substitution in
exon J (corresponding to C—-T at nt26378 of
the g1572¢264 sequence). This creates a new
stop codon (TGG—-TAG, W349X) close to
the end of the predicted PAX4 protein, remov-
ing the last two residues (TrpPro). Definitive
interpretation of this sequence change must
await isolation of human PAX4 cDNAs, since
there is no formal proof as yet (other than the
similarity to the mouse sequence) that we have
correctly identified the last PAX4 exon. How-
ever, the putative W349X change was found to
be a common polymorphism, with an allele
frequency of 0.15 in Scotland.

Although our failure to find pathogenic muta-
tions leaves a formal possibility of mutations in
non-coding regions of PAX4, the 10 exons
sequenced appear by comparison to mouse
cDNA sequences to encode the whole of the
human PAX4 protein. The heterozygosity for
W349X in the proband, the product of a
consanguineous marriage, is additional evidence
against the involvement of PAX4 in WRS.

Discussion

There are only 10 previously reported cases of
the combination of permanent neonatal
diabetes and skeletal dysplasia,' in five families.
The evidence strongly indicates autosomal
recessive inheritance, since patients have been
of either sex, all parents have been normal, sib
recurrences have occurred in all but one family,
and in both the families we have analysed here,
the parents were consanguineous.*

The clinical features of WRS were recently
reviewed.* Despite the rarity of neonatal
diabetes, WRS may be underdiagnosed, since
unless fractures occur x rays may not be done.
The other radiological features of multiple epi-
physeal dysplasia (MED) in WRS evolve with
age and are not noticeable at the time when the
diabetes presents. In the proband, diabetes pre-
sented at 4 days old in a premature infant. Pre-
viously, the earliest age of detection of diabetes
in WRS has been 2 weeks. Clearly, therefore,
the diabetes is congenital, which together with
its permanence points to a genetic defect of B
cell development. Particularly interesting in this
regard is the most recent report, the only case in
which pancreatic histology was performed.’ In
addition to general hypoplasia of the pancreas,
there was prominence of the islets and abun-
dance of glucagon staining a cells, at the
expense of B cells. This is extremely similar to
the histological abnormality seen in the Pax4 -/-
mouse® and prompted our analysis of PAX4 in
two WRS families.

Including the new family described here, two
out of six reported WRS families are from the
Arabian peninsula. It is possible therefore that
an increased frequency of WRS occurs in this
ethnic group. The poor outcome in the
proband is similar to that of three previous
patients, and can be attributed to inadequate
diabetic control with frequent swings between
hypoglycaemia and ketoacidosis.

Though previous reports have emphasised
MED as the major skeletal feature of WRS, an
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osteogenesis imperfecta-like picture may occur
early on, as in this report. The original case 1 of
Wolcott and Rallison' was especially similar to
our proband, with three femoral fractures in
the first year and persistent diffuse deminerali-
sation of the bones; epiphyseal dysplasia and a
metaphyseal modelling defect were only noted
at 3 years. Case 2 in that family had no
fractures reported and no x rays were per-
formed; case 3 was found to have MED at 14
months of age. Goumy ez al also emphasised
the widespread osteoporosis in WRS. Like the
second case in our family, one presumed case
in their family, though diabetic, had normal
skeletal radiology at 3 weeks of age. Femoral
fracture also occurred in one other patient.’

A lethal autosomal recessive phenotype,
characterised by neonatal diabetes resulting
from lack of pancreatic islet § (and 8) cells,
occurs when the mouse Pax4 gene is mutated.®
Since to our knowledge WRS is the only proven
autosomal recessive human disorder in which
neonatal diabetes mellitus occurs, PAX4 was
an obvious candidate gene for WRS. We have
deduced the PAX4 gene structure from anony-
mous cosmid sequence. In view of the absence
of PAX4 from dbEST, human PAX4 expres-
sion seems, like that of mouse Pax4, to be
highly restricted. However, the rarity of poly-
morphic difference between either patient and
reference cosmid (over the 2500 bp se-
quenced), and the close similarity between the
predicted human and mouse PAX4 protein
sequences, support the conclusion of the
mouse knockout experiments, that despite dif-
ficulties in identifying transcripts, this gene is
essential. The combination of PAX4 heterozy-
gosity in one consanguineous family and the
absence of other mutations, however, indicate
that PAX4 is not the WRS gene. Further
analysis of this gene in non-syndromic cases of
neonatal diabetes is indicated.
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