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Abstract

Aims/hypothesis. Neonatal diabetes is a rare disease
with several identified molecular aetiologies. Despite
associations with other malformations, neonatal diabe-
tes with intestinal and biliary anomalies has not been
described. The current study aims to describe a new
syndrome, and to examine a possible link with one of
three genes known to cause neonatal diabetes.

Methods. Five clinical cases are described. Immuno-
histochemical staining for pancreatic islet hormones
was performed on three of the infants. DNA from one
infant was analysed for abnormalities of the PLAGL-1
(ZAC), glucokinase and PDX-1 (IPF-1) genes.

Results. Five infants (two sibling pairs from two fami-
lies, and an isolated case) presented with neonatal dia-
betes, hypoplastic or annular pancreas, jejunal atresia,
duodenal atresia and gall bladder aplasia or hypoapla-
sia. One sibling pair was born to consanguineous par-
ents. One patient with a milder form is surviving free
of insulin. Four children died in the first year of life

despite aggressive medical management. Pancreatic
immunohistochemistry revealed few scattered chro-
mogranin-A-positive cell clusters but complete ab-
sence of insulin, glucagon and somatostatin. Exocrine
histology was variable. In one case from the consan-
guineous family, molecular analysis showed no dupli-
cation or uniparental isodisomy of PLAGL-1 at 6q24,
no contiguous gene deletion involving the glucokinase
gene, and no mutation in the coding sequences or
splice sites of PDX-1.

Conclusions/interpretation. This combination of mul-
tiple congenital abnormalities has not been previously
described and probably represents a new autosomal
recessive syndrome involving a genetic abnormality
that interferes with normal islet development and
whose aetiology is as yet unknown.
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Fig. 1. Pedigree of Family 1. Parents of the two affected sib-
lings were second cousins. There was a significant family his-
tory of type 2 diabetes (DM). The cause of two stillbirths
(Still) in one paternal aunt was unknown. In this large family,
there were no other known affected children

Introduction

Neonatal diabetes is a rare condition (1/500,000) [1].
The infants are usually born with intrauterine growth
restriction (IUGR) and present within the first month
of life with hyperglycaemia requiring insulin. Neona-
tal diabetes can either be transient (TNDM) or perma-
nent (PNDM). Transient forms account for more than
50% of cases and usually resolve by 6 months of age
[1, 2]. TNDM was initially linked to chromosome 6
from investigation of a child with neonatal diabetes
and methylmalonic acidaemia [3]. Further analysis of
this child revealed that she inherited two copies of the
mutant allele from her father. In this case it was found
that the neonatal diabetes resulted from an imprinted
region of chromosome 6. Subsequent analysis of pa-
tients with TNDM has found that most cases
(60-80%) [2, 4] can be linked to double dosage of a
paternally expressed gene caused either by paternal
uniparental disomy of chromosome 6 (UPD6pat), du-
plication of 6q24, or methylation abnormalities at
6q24 [4, 5].

PNDM is much more heterogeneous in its aetiolo-
gy. Homozygosity for genes that cause MODY has
been associated with several cases of neonatal diabe-
tes. These genes have been implicated in MODY
when haploinsufficiency pertains, and it is self-evi-
dent that homozygosity for these mutations may result
in a more severe phenotype. Glucokinase is a key reg-
ulatory enzyme in humans that couples glucose sens-
ing to insulin secretion. In the heterozygous individu-
al, mutation of glucokinase can cause MODY 2 [6].
Njolstad and co-workers [7] reported two patients
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with PNDM who had a complete deficiency of gluco-
kinase activity. In addition to neonatal diabetes, one of
these children had total situs inversus. It has subse-
quently been established that glucokinase deficiency
is not a common cause of PNDM [8, 9].

Another interesting case was reported by Stoffers et
al. [10]. This child presented with exocrine and endo-
crine pancreatic deficiency and was found to have no
pancreas on the ultrasound image. Its family history
was positive for MODY and homozygosity for a mu-
tation in PDX-1 was found for the index case. PDX-1
is an important regulatory gene involved in early pan-
creatic and intestinal organogenesis. Pancreatic agene-
sis has only been documented eight times in the world
literature to date and therefore is not a common cause
of PNDM.

In this study we present a case report of five chil-
dren with neonatal-onset diabetes mellitus and multi-
ple congenital abnormalities in three unrelated fami-
lies. We also report the findings of our molecular anal-
ysis of ZAC (PLAGL-1), glucokinase and PDX-I in
one of the two patients in the consanguineous family.

Subjects and methods
Family 1

Cases 1 and 2 were born to Pakistani parents who were second
cousins. The family history was positive for two stillbirths
born to a paternal aunt, and for type 2 diabetes in both grand-
mothers and more distant relatives (Fig. 1). The parents had no
symptoms of diabetes and were not tested. The mother was not
diagnosed with gestational diabetes during either of her preg-
nancies.

Case 1. This baby boy was born to a 29-year-old primigravida.
Antenatal ultrasound at 24 weeks detected duodenal atresia.
Amniocentesis revealed a normal 46 XY karyotype. Weight at
birth, induced at 36 2/7 weeks for poor fetal growth, was
1540 g (<3%) and length was 43.5 cm (<3%). The child was
not dysmorphic. On day 1 of life, the boy developed severe hy-
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perglycaemia (40 mmol/l) and was started on i.v. insulin. Insu-
lin and C-peptide levels were low in the face of hypergly-
caemia. An echocardiogram revealed a patent foramen ovale
with left to right shunt and minimal tricuspid regurgitation.
Laparotomy at 3 days of age revealed a duodenal atresia and
jejunal atresia. No gall bladder was seen at operation. He re-
turned to surgery 1 month later for stenosis at the jejunal anas-
tomosis. The postoperative course was complicated by total
parenteral nutrition (TPN) cholestasis and severe malnutrition.
A hydroxyiminodiacetic acid (HIDA) scan showed no liver ex-
cretion. Enteral feeding was never fully tolerated. This was
thought to be secondary to malabsorption or villous atrophy. It
was not improved with pancreatic enzyme or bile acid replace-
ment therapy. Portal hypertension and oesophageal varices de-
veloped. The child developed disseminated candidaemia with
meningoencephalitis. Immunological work-up revealed no ab-
normalities. Throughout this time, the boy remained insulin-
dependent, requiring 0.3-0.8 units-kg-!-day-!. An MRI done
during an acute deterioration revealed meningoencephalitis but
no developmental abnormalities. Cystic fibrosis mutation anal-
ysis was negative (35 mutations). An ophthalmological exami-
nation was normal. Metabolic work-up included normal long-
chain fatty acid profile, normal urine organic acids, and normal
serum amino acids. The baby died at 158 days with multiple
organ failure. The parents refused permission for an autopsy.

Case 2. The sister of Case 1 was noted to have dilated loops of
the bowel in utero at 20 weeks gestation. Ultrasound at 24
weeks suggested this might be duodenal atresia. Amniocente-
sis revealed a normal 46 XX karyotype. Delivery was induced
at 34 weeks due to poor fetal growth. Birthweight was 1310 g
(<3%), length 40 cm (<3%) and head circumference 29 cm
(<3%). Initial examination revealed a non-dysmorphic neonate
with little subcutaneous fat and distended abdomen. Surgery at
day 1 of life revealed distal duodenal atresia and type IITA je-
junal atresia. An annular pancreas and absence of the gall blad-
der were also noted. Diabetes was diagnosed at 39 hours of life
with a glucose concentration of 16.9 mmol/l. Insulin and C-
peptide levels were low. This child had a very similar clinical
course to her sibling. A HIDA scan showed intrahepatic chole-
stasis with most activity remaining in the liver after 24 hours.
Cholestasis progressed leading to hepatosplenomegaly and oe-
sophageal varices. Thyroid function tests revealed normal TSH
values in the face of low levels of free thyroxine, which raised
the possibility of central hypothyroidism, and the child was
started on L-thyroxine. A subsequent ACTH stimulation test
was normal. Full enteral nutrition was never attained and was
secondary to malabsorption, which did not improve with ele-
mental formulas or addition of pancreatic enzymes. A biopsy
of the liver revealed hepato-canalicular cholestasis with ductu-
lar proliferation consistent with TPN cholestasis and/or extra-
hepatic biliary obstruction. Duodenal endoscopic biopsies
showed partial villous atrophy. Cystic fibrosis mutation analy-
sis was negative for 35 mutations. An immunological work-up
was normal. The baby died at 194 days of multi-organ failure;
she weighed 6.46 kg at death. The parents consented to an au-
topsy that was limited to biopsies of liver, pancreas and duode-
num. A sample was obtained for fibroblast culture and a por-
tion of the liver biopsy was flash frozen for metabolic studies.
Histologically, the exocrine pancreas appeared unremarkable
except for mild peri-ductular inflammation. Sections from for-
malin-fixed, paraffin-embedded pancreatic tissue were also
prepared for immunohistochemical analysis using standard
methods of detection (Ventana system) for the following anti-
bodies: chromogranin A (Vector/Novocastra; dilution 1:200),
insulin (Dako; dilution 1:200), glucagon (Vector/Novocastra;
dilution 1:100) and somatostatin (Dako; dilution 1:500). Our
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Fig. 2. Immunohistochemical staining of pancreas at autopsy
for Case 2 and Case 3, compared to a normal control subject.
a. Staining for chromogranin A. The normal control shows
neuroendocrine cells organised in islets. Case 2 and Case 3
have small aggregates of neuroendocrine cells with no well-or-
ganised islet structures. Insulin staining (b) was present in the
islets of the normal control subject, but was completely absent
in Cases 2 and 3. Glucagon (c¢) and somatostatin (d) staining
showed the expected distribution in the islets of the control
subject, and no staining in Case 2. Islet structures were well
preserved in the control subject, although autolysis of acini
was more severe there than in the two cases. Absence of islets
in the cases was not due to autolysis. Case 3 (b) also illustrates
dilated intralobular ducts, reduced amount of exocrine glands
and increased fibrous tissue

Normal

normal control subject was an age-matched infant who died
from sudden infant death syndrome. Immunostaining for chro-
mogranin A revealed occasional positive cells, individually or
in small clusters but no well-formed islets (Fig. 2a). There
were no cells positive for insulin, glucagon or somatostatin
(Fig. 2b, ¢ and d respectively).

Family 2

Cases 3 and 4 were born to non-consanguineous Asian parents.
There was also an unaffected, healthy brother, who was second
in birth order. The maternal grandfather of the affected chil-
dren had type 2 diabetes. There was no history of diabetes in
other members of the extended family. The father had no
symptoms of diabetes and was not tested. The mother had in-
sulin-treated gestational diabetes during her second pregnancy,
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and insulin-treated diabetes diagnosed during the 18th week of
her third pregnancy with Case 4.

Case 3. This baby girl was born at 40 weeks after an unre-
markable pregnancy. Delivery was uncomplicated and birth-
weight was 1456 g (<3%), head circumference was 30 cm
(<3%) and length was 41 cm (<3%). There were no significant
dysmorphic features. Insulin treatment for hyperglycaemia was
initiated on day 2 of life, at which time jejunal atresia and duo-
denal atresia were repaired. Postoperatively, there was poor
weight gain, conjugated hyperbilirubinaemia and wide swings
in her blood glucose levels. Eventually, she developed septi-
caemia, pancytopenia, renal, liver and respiratory failure. On
day 24 of life, supportive therapy was withdrawn. Head imag-
ing was unremarkable and the karyotype was normal 46 XX.
Autopsy showed repaired jejunal and pyloric atresias with in-
tact anastomoses, annular pancreas and absent gall bladder.
The post-mortem cholangiogram showed two ducts draining
bile separately into pylorus and duodenum. Histological exam-
ination of the pancreas showed severe atrophy of the exocrine
component with dilatation and plugging of the ducts reminis-
cent of cystic fibrosis. In addition, there was fibrosis of exo-
crine tissue, which may have been the cause of the malabsorp-
tion. The endocrine pancreas was assessed using the Ventana
automated immunohistochemistry system and the following
antibodies: chromogranin A (rabbit polyclonal Ab, Dako,
1:200 dilution), insulin (monoclonal Ab/Novocastra, 1:400 di-
lution), glucagon (rabbit polyclonal Ab, Zymed, 1:200 dilu-
tion), and somatostatin (rabbit polyclonal Ab, Dako, 1:200 di-
lution). Our control pancreas was from a term neonate who
died of perinatal asphyxia (not shown). Immunostaining dem-
onstrated small clusters of chromogranin-A-positive cells
(Fig. 2a). However, there were no insulin-positive cells
(Fig. 2b). There were no cells positive for glucagon or somato-
statin (data not shown).

Case 4. The brother of Case 3 was born at 38 weeks by elec-
tive Caesarian section. The pregnancy was complicated by dia-
betes requiring insulin. Ultrasound at 18 weeks was unremark-
able. Serial ultrasounds in the third trimester diagnosed intrau-
terine growth restriction and intestinal atresia. Delivery was
uncomplicated and birthweight was 1610 g (<3%), head cir-
cumference was 32.5 cm (<3%) and length was 43 cm (<3%).
Again there were no dysmorphic features. Starting from day 1
of life, this boy required insulin for hyperglycaemia and devel-
oped a coagulopathy. In the Ist week, duodenal and jejunal
atresia were repaired. Intra-operatively gall bladder agenesis
was also noted. Postoperatively, this boy had wide swings in
blood glucose levels, and low C-peptide levels indicating pan-
creatic endocrine insufficiency. Over the next 4 months, there
was poor weight gain, conjugated hyperbilirubinaemia, persis-
tent insulin requirements and watery colourless stools. Liver
biopsy showed a paucity of intralobular bile ducts. Death was
from fulminant liver failure. Head imaging was unremarkable
and the karyotype was normal 46 XY. Autopsy showed re-
paired jejunal and duodenal atresias, short pancreas and an ex-
tremely hypoplastic gall bladder. Pancreatic histology and the
pattern of immunostaining for chromogranin A, insulin, gluca-
gon and somatostatin were identical to Case 3 (data not
shown).

Isolated case

Case 5. This baby girl was born small for gestational age
(birthweight 2295 g) at 39 weeks to a 46-year-old mother, con-
ceived by in vitro fertilisation with a donated egg. No family
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history was available. Ultrasound suggested duodenal atresia.
Delivery was without difficulty. At 2 days, laparoscopy dem-
onstrated duodenal web and malrotation; duodenal bands were
lysed. Her postoperative course was complicated by airway
oedema and probable sepsis. She was hyperglycaemic on 5%
dextrose and required insulin briefly with resolution of hyper-
glycaemia. She was re-admitted at 1 1/2 months for failure to
thrive, hyperbilirubinaemia and bilateral inguinal hernias. Her
stools were acholic. Ultrasound failed to detect any gall blad-
der and the pancreas was small. Biopsy demonstrated normal
intra- and extrahepatic ducts and extensive canalicular chole-
stasis. Again, she was hyperglycaemic and required insulin. C-
peptide was low (0.30 nmol/l) and insulin was less than
14 pmol/l. Serum trypsin was also low (8 U/l). Karyotype was
46 XX and cystic fibrosis mutation analysis was negative (32
mutations). She was discharged on ursodiol and diluted ultra-
lente insulin given as 0.4 units every 8 hours with supplemen-
tal regular insulin as needed. She had a 1-month trial of pan-
creatic enzyme supplementation. Irritability and feeding prob-
lems improved with small volume feeding. Insulin treatment
was gradually decreased because of hypoglycaemia and was
discontinued at 4 1/2 months. Her post-feeding C-peptide was
still low at 5 months (0.17 nmol/l) with a normal HbA c of
5.1%. She gained weight steadily after her second hospitalisa-
tion and was on the 25th percentile for weight and length at 8
months with measurements of blood sugar almost all less than
8.3 mmol/l. At 1 year of age, her HbA c had risen to 7.5%
without insulin treatment, suggesting mild but permanent dia-
betes.

Results

Genetic studies were undertaken only for Case 2 from
Family 1 and her parents. Informed consent was ob-
tained from the parents according to the Declaration
of Helsinki. Family 2 and the parents of Case 5 were
unwilling to consent to genetic studies at this point in
time.

In preliminary molecular analysis of Case 2, we
ruled out three of the six loci known to be associated
with neonatal-onset diabetes. We did not screen for
the mutations causing the Wolcott-Rallison syndrome
(absence of epiphyseal dysplasia in all our cases), the
IPEX syndrome (X-linked, incompatible with the pat-
tern of inheritance in our families), or Kir6.2 muta-
tions. Screening for uniparental disomy of chromo-
some 6q24 was done using the deletion/insertion poly-
morphism rs3060705 which maps to the untranslated
region of PLAGL-1 (ZAC), the gene whose double
dose is presumed to cause TNDM. PCR of this poly-
morphism in Case 2 (using primers 5'GTATTATCTA-
TTTCAGGTCAGTGTG3' and 5GACCAGTAAAA-
ACACTTGAACAZ') revealed two bands of equal in-
tensity when compared with heterozygous and homo-
zygous controls (Fig. 3). This excluded the possibility
of uniparental isodisomy or duplication for chromo-
some 624 but does not rule out uniparental heterodis-
omy or a methylation defect. However, those are not
known to be inherited, and cannot explain the other
manifestations of the syndrome. The sequences flank-
ing the glucokinase gene amplified well by PCR (us-
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Fig. 3. ZAC gene 3’ UTR microsatellite ruled out paternal du-
plication. Case 2 (S2) and her mother (M) and father (F) have
two alleles with the same allelic balance as the non-diabetic
control subjects with the same alleles (c1 and c2), ruling out a
duplication. The two distinct alleles in S2 also rule out unipa-
rental isodisomy but not heterodisomy, neither of which would
be likely to occur in two siblings

GCK &’ GCK 3’ bp
- +¢ S2 ¢ +c S2
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Fig. 4. Contiguous gene deletion involving glucokinase was
ruled out by PCR amplification. PCR demonstrated the pres-
ence of a 469 bp sequence at the 5’ end of the glucokinase
gene and a 310 bp sequence at the 3’ end of the glucokinase
gene Case 2 (S2). Positive (+c) and negative (—c) controls are
shown

ing primer pair 5ACACTTGAAAAGTGGCCGA3'
and 5’ACCTCTTGGCAGCCTGACTT3' for the 5’ se-
quence, and 5'TGCCATCTTTCTGCAGCATA3' and
5S'TCCACTCTGTGAATGCTTGA3' for the 3’ se-
quence), excluding a large deletion involving this
gene that could cause a contiguous-gene syndrome
(Fig. 4). Detailed mutation analysis was not done, as
an isolated glucokinase deficiency causing diabetes
would not explain the other features of the syndrome.
PDX-1 (IPF-1) was by far the best candidate gene as
it is expressed in the developing intestine and pancre-
as. Total loss of function causes pancreatic agenesis
but no intestinal or liver problems [9]. To rule out a
mutation involving gain of abnormal function that
could explain the other abnormalities, both PDX-1 ex-
ons and their intronic splice sites were amplified by
PCR and sequenced (for exon 1, using primers
5'GAGCCTATGGTGCGGCGG3' and 5'TGGGAGC-
GCTTGGAGGTAAZ3'; and three overlapping primer
pairs for exon 2, namely 5’CTTGAAGGGGTTTGG-
GCTG3' and 5’CAACTGGCACATGCGCCT3'; 5'AG-
GAACCACGATGAGAGGCA3' and 5'TGG-CATC-
AATTTCACGGGAT3'; and 5'"ACACATTGGAAGG-
CTCCCTAA3' and 5’AGAAGAAAGGGGTGCAAG-
TT3'). No mutations were found (data not shown).

J. Mitchell et al.:
Discussion

Our five cases presented with neonatal diabetes and
congenital abnormalities of the pancreas, duodenum,
jejunum and biliary system associated with intrauter-
ine growth restriction and malabsorption. Cases 1 to 4
had a severe, fatal form. Case 5 seems to have a less
severe form of the same syndrome and has survived
with mild diabetes mellitus, corrected duodenal web,
and an absent gall bladder. Although we hypothesise a
common aetiology, we cannot exclude the possibility
that the three families have phenotypically similar but
genetically distinct disorders affecting the same em-
bryological pathways through mutations of different
genes.

Among the four patients who died, there was vari-
ability in the degree of exocrine pancreatic insuffi-
ciency, with those in Family 1 having no response to
pancreatic enzyme supplementation, and histological
examinations from Case 2 showing no exocrine pan-
creatic pathology, whereas both children from Family
2 had abnormal exocrine histopathology. Despite this
exocrine variability, the endocrine clinical and immu-
nohistochemical findings were uniform.

Neonatal diabetes is normally an isolated finding
but a few cases have been associated with congenital
malformations. Stoffers and co-workers [10] reported
a case of neonatal diabetes associated with pancreatic
agenesis. This was attributed to homozygosity for a
single nucleotide deletion in the PDX-/ gene. Another
study [11] reported siblings with neonatal diabetes and
cerebellar hypoplasia. These two children also had tri-
angular faces, small chins and low set ears. One of the
infants also had optic nerve hypoplasia. An associa-
tion between neonatal diabetes and macroglossia and
umbilical hernia has also been reported [12, 13]. Re-
cently, activating mutations of the gene encoding
Kir6.2 subunit of the beta cell K ,p channel have been
identified in patients with permanent neonatal diabetes
with or without dysmorphic features and neurological
abnormalities [14]. A review of the literature also re-
vealed a number of cases with similar gastrointestinal
malformations to those described in our patients, but
those cases had other findings in addition, e.g. tra-
cheo-oesophageal fistula and hypospadias, and did not
present with neonatal diabetes (Table 1) [15, 16, 17].

We chose to analyse genes that have been implicat-
ed in either TNDM or PNDM. TNDM results from a
double dose of a gene that is normally expressed only
from the paternal chromosome [2, 18, 19]. This dos-
age error may occur from paternal duplication, pater-
nal UPD or methylation errors in which the normally
inactivated maternal chromosome remains active. The
ZAC gene (zinc finger protein which regulates apopto-
sis and cell cycle arrest) has been localised to this
chromosome region. ZAC is known to be imprinted
with exclusive paternal expression and is capable of
inducing G, cell cycle arrest and apoptosis [20]. It is
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Table 1. Clinical and pathological comparison with similar cases in the literature
Case 1 Case2 Casel Case2 Casel Our Our Our Our Our
[15] [15] [16] [16] [17] Casel Case2 Case3 Case4d Case 5
Gestational age (weeks) 40 37 39 34 36 34 40 38 39
Birthweight (g) 1350 1470 1700 1547 2150 1540 1310 1456 1610 2295
Sex F M M F M M F F M F
Karyotype 46XY 46XY 46XX  46XY  46XY 46XX 46XX  46XY 46XX
Consanguinity + + + + - + + - - -
Age at death (days) 43 110 21 81 10 158 194 24 4 months  Alive at
months 8 months
Neonatal diabetes - - - - - + + + + +
Oesophageal atresia/fistula - + + - + - - - - -
Duodenal atresia + + + + Stenosis + + Pyloric  + ‘Web,
malrotation
Jejunal atresia + + + + -
Hypoplastic pancreas + + + - Annular + Annular  Annular + +
Intrahepatic biliary atresia + + - + + + -
Extrahepatic biliary atresia  + - + + + - - -
Gall bladder hypoplasia + + + + + + +
Hypospadias n/a + - n/a + - n/a n/a - n/a
Cardiac - - - ASD ASD PFO - - - -
Central nervous system Abnormal
white
matter

+, present; —, absent; n/a, not applicable; ASD, atrial septal defect; PFO, patent foramen ovale

also a transcriptional regulator of the type 1 receptor
for the pituitary adenylate cyclase activating peptide
(PACAP,-R) [21], which is a potent regulator of insu-
lin expression [22].

The clinical features of TNDM do not include any
of the major malformations seen in our patients, but
since chromosome 6q24 has been implicated in the
majority of cases of neonatal diabetes, this is an im-
portant aetiology to examine. Our patient was found
to be heterozygous for rs3060705 and densitometric
analysis ruled out the possibility of paternal duplica-
tion. We cannot rule out the possibility of a methyla-
tion defect, but as other cases have not been associat-
ed with multiple congenital anomalies, it seems un-
likely that the 6q24 locus is implicated in our cases.

Glucokinase is expressed in hepatocytes and beta
cells where it phosphorylates glucose and is believed
to be the rate-limiting step in the beta cell sensing ap-
paratus [23]. Homozygosity for a missense mutation
in the glucokinase gene has resulted in PNDM in two
siblings [7]. No cases of glucokinase deficiency were
associated with major malformations other than situs
inversus. We could not think of a mechanism capable
of explaining the features seen in our cases other than
a large deletion causing a contiguous gene syndrome.
The fact that we were able to amplify flanking se-
quences on both sides of the gene eliminated this pos-
sibility and makes it unlikely that glucokinase is in-
volved in our cases.

PDX-1 is a gene that is central to the formation of
the pancreas. It is one of the first genes expressed in
the duodenal region that subsequently develops into

pancreas. PDX-1 is believed to down-regulate many
genes that are characteristic of neighbouring endo-
derm such as SHH, SOX2 and HEX, and it is this re-
gional patterning that allows development of the pan-
creas [24]. In mice, PDX-1 knock-outs form initial
pancreatic buds but these buds do not expand [25]. In
humans, there is a case report of pancreatic agenesis
associated with homozygosity for a single base pair
deletion. Interestingly, heterozygous mutations in the
PDX-1 gene were subsequently found to cause
MODY 4 and this further underlines the importance of
work-up of these rare cases for understanding more
common forms of diabetes. Sequence analysis of the
PDX-1 gene revealed no mutations in the coding re-
gion or splice sites. This does not rule out upstream
regulatory mutations, but the one homozygous case
and the knock-out mouse demonstrated that total loss
of PDX-1 function causes complete agenesis of the
exocrine as well as the endocrine pancreas, which was
not the case in our patients. Since PDX-/ is also in-
volved in intestinal development (its role in the devel-
opment of the biliary tract has not been examined), we
felt that the extrapancreatic manifestations of the syn-
drome could be explained not by quantitative PDX-1
deficiency, but rather by some gain-of-function muta-
tion in the structural protein. None was found.

As our patients presented with neonatal diabetes as-
sociated with gastrointestinal malformations, it is im-
portant to analyse genes that could potentially affect
the embryogenic development of the fetus. As the pa-
thology showed abnormalities in multiple pancreatic
cell lines, the defect must occur at an early stage in



2166

embryonic development. The finding of chromogra-
nin-A-positive cells in our patients may be of interest,
since this could be a marker of precursor cells that
failed to differentiate. Chromogranin A is usually lo-
calised in neurosecretory granules, yet presumably
these cells lack such granules.

Our understanding of pancreatic development has
resulted from extensive studies in the mouse and chick
[24, 25]. Intracellular signalling pathways that are im-
plicated in human diseases include the Notch, TGF-f3
and Hedgehog pathways (see review in Kim and He-
brock [25]). Future research on DNA from these pa-
tients will analyse the genes that have been determined
to play a role in controlling these pathways, such as
Isl-1, which is important for both dorsal pancreatic
budding from the gut epithelium and differentiation of
islet cells [26], and Hes-I, which prevents premature
differentiation of pancreatic exocrine and endocrine
cells and gut endocrine epithelium [27]. The long list
of candidate genes can be pared down by homozygosi-
ty mapping in the consanguineous family, potentially
narrowing the locus down to a few centimorgans.

The cases presented here represent a new autoso-
mal recessive syndrome not previously identified. Pre-
natal ultrasound with findings suggestive of intrauter-
ine growth restriction, intestinal atresia and gall blad-
der agenesis/hypoplasia should prompt clinicians to be
vigilant for neonatal diabetes and to discuss the possi-
bility of autosomal recessive inheritance with their pa-
tients.

Determining the aetiology is not only important for
genetic counselling and prenatal diagnosis of this very
rare disorder, but it is likely to reveal novel informa-
tion about the genes involved in the embryogenesis of
the endocrine pancreas. This will have implications
for our understanding of beta cell mass generation and
maintenance, as well as in the effort to develop cell-
based treatments, and therefore be relevant to both
common types of diabetes.
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