
Abstract

Aims/hypothesis. Mutations in the hepatocyte nuclear
factor-1 beta (HNF-1β) gene result in disorders of re-
nal development, typically involving renal cysts and
early-onset diabetes (the RCAD syndrome/ MODY5).
Sixteen mutations have been reported, including three
splicing mutations of the intron 2 splice donor site.
Because tissues showing abundant expression (kidney,
liver, pancreas, gut, lung and gonads) are not easily
accessible for analysis in living subjects, it has previ-
ously proven difficult to determine the effect of HNF-
1β mutations at the mRNA level. This is the aim of
the present study.
Methods. We have developed a nested RT-PCR assay
that exploits the presence of ectopic HNF-1β tran-
scripts in Epstein-Barr virus (EBV)-transformed lym-
phoblastoid cell lines derived from subjects carrying
HNF-1β splice site mutations.

Results. We report a fourth mutation of the intron 2
splice donor site, IVS2nt+2insT. Sequence analysis
of ectopic HNF-1β transcripts showed that both
IVS2nt+2insT and IVS2nt+1G>T result in the dele-
tion of exon 2 and are predicted to result in prema-
ture termination of the HNF-1β protein. Mutant tran-
scripts were less abundant than the normal tran-
scripts but there was no evidence of nonsense-medi-
ated decay.
Conclusions/interpretation. This is the first study to
define the pathogenic consequences of mutations
within the HNF-1β gene by mRNA analysis. This
type of approach is a useful and important tool to de-
fine mutational mechanisms and determine pathoge-
nicity.
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Introduction

The renal cysts and diabetes (RCAD) syndrome is as-
sociated with heterozygous mutations in the hepatocyte
nuclear factor-1 beta (HNF-1β) gene [1, 2, 3, 4, 5].
RCAD has an autosomal dominant pattern of inherit-
ance, although spontaneous mutations have been de-
scribed [1, 2, 3, 4, 5, 6]. The RCAD phenotype is vari-
able, with renal disease (particularly renal cystic dis-
ease) being the most consistent feature. A variety of re-
nal histologies have been reported, but all are the result
of abnormal renal development [3, 4, 5, 6, 7, 8]. Some
subjects have diabetes, which typically develops after
the onset of renal disease. The age of diagnosis ranges
from 12 to 61 years [4]. Genital tract malformations,
abnormal liver function, hyperuricaemia and gout are



also present in some kindreds [4, 7, 9, 10, 11]. Diabe-
tes in these kindreds is classified as maturity-onset dia-
betes of the young subtype 5 (MODY5) [12]. HNF-1β
is expressed in the kidney, pancreas, liver, gonads, gut,
lung and thymus. The phenotypes produced by muta-
tions in the HNF-1β gene are complex and variability
is evident both between and within families. All fami-
lies with HNF-1β mutations exhibit some form of renal
phenotype, whereas the diabetes is more variable and
incompletely penetrant (Fig. 1). This may reflect dif-
ferences in temporal or spatial expression patterns be-
tween renal and pancreatic tissues.

Sixteen HNF-1β mutations have been reported
since the initial description in 1997 [1]. These include
insertion/deletion mutations, missense mutations, non-
sense mutations and splice site mutations [1, 2, 3, 4, 5,
6, 7, 8, 9, 10, 11, 13, 14, 15].

Mutations that affect mRNA processing can result
in an altered reading frame, with the production of an
mRNA transcript harbouring a premature termination
codon. The consequences of premature termination
(the production of dominant-negative or inactive trun-
cated proteins) are potentially harmful to the cell.
Both prokaryotic and eukaryotic systems have there-
fore evolved pathways that detect and degrade such
transcripts. One such pathway is the nonsense-mediat-
ed decay (NMD) mRNA surveillance pathway [16,
17]. This is a mechanism by which a complex of pro-
teins deposited by the spliceosome during mRNA pro-
cessing interacts with a stalled ribosome at the site of
the premature termination codon and causes the
polyadenylation-independent decapping and subse-
quent degradation of the mRNA.

Three splicing mutations have been detected at the
site of a putative mutation hotspot within the splice do-
nor site of intron 2 [9, 11, 14]. These mutations are
IVS2nt+1G>T, IVS2nt+1G>A and IVS2nt+2delAAGT.
Since tissues with high native HNF-1β expression are
not accessible, it has not been possible to investigate
the effect of these splice site mutations on the stability
and processing of HNF-1β mRNA. Illegitimate or ec-
topic transcription (the presence of very low quantities
of correctly spliced tissue-specific mRNAs in non-ex-
pressing tissues) allows the examination of transcripts
in transformed lymphocytes. We have recently reported
an assay that used the presence of ectopic transcripts
within lymphoblastoid cells to examine the effect of
three splice site mutations of the HNF-1α gene [18].
This approach has also been used to examine the effects
of a splice site mutation in the glucokinase (GCK) gene
[19].

We have now developed a similar two-round nested
RT-PCR assay that allows the amplification of HNF-1β
mRNA transcripts from lymphoblastoid cell lines.
This approach has been used to determine the muta-
tional mechanisms of two splice site mutations in the
HNF-1β gene from kindreds with the RCAD syn-
drome.

Subjects, materials and methods

Subjects. Two families were investigated in this study: family
DUK504 (Fig. 1a) and family DUK350 (Fig. 1b).

Family DUK504 has previously been reported as having re-
nal cysts, diabetes and atypical familial juvenile hyperuri-
caemic nephropathy [11]. In this family, the mutation
IVS2nt+1G>T has already been described [11]. The proband
developed diabetic ketoacidosis at the age of 12 and is treated
with insulin. The proband’s father developed diabetes at the
age of 43, and a paternal uncle was diagnosed at age 38 (treat-
ment unknown). A paternal aunt developed diabetes at the age
of 40 and is treated with insulin.

In the previously unreported family DUK350, the proband
developed diabetes at age 19 during her first pregnancy. She
was treated with insulin during and after the pregnancy. During
her second pregnancy, through an antenatal ultrasound scan at
27 weeks of gestation, her child was found to have renal cysts.
This prompted scanning of the proband, where renal cysts
were also detected. The proband’s mother and maternal aunt
developed diabetes aged 21 and 18 years respectively and are
treated with insulin. They were both found to have renal cysts
following an ultrasound screening. The maternal grandfather
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Fig. 1. Pedigrees for families in this study. a Family DUK504
(IVS2nt+1G>T). b Family DUK350 (IVS2nt+2insT). Individ-
uals with renal disease are identified by a symbol with a filled
right half. Individuals with diabetes are identified by a symbol
with a filled left half. Age at diagnosis or examination and
treatment for diabetes is shown (Ins, insulin; NA, not avail-
able). Where both phenotypes are present, the whole symbol is
filled. The mutation status of each individual (where tested) is
given (N, normal; M, mutation). Both family histories are con-
sistent with a diagnosis of renal cysts and diabetes syndrome.
RNA was isolated from cell lines derived from the proband,
marked with an arrow in each case



(now deceased) was also diabetic. Renal cysts were also de-
tected in one of the proband’s brothers. He had a normal oral
glucose tolerance test at the age of 19 years. Renal function as
assessed by serum creatinine showed mild renal impairment in
all the affected family members other than the proband’s broth-
er, who had normal renal function. Hyperuricaemia was evi-
dent in all four adults.

Sequencing of the coding regions, intron/exon boundaries
and minimal promoter of the HNF-1β gene was performed ac-
cording to previously published methods [6]. The study was
approved by the local ethics committee and informed consent
was obtained from each subject.

Establishment of transformed lines. The cell lines ABO133 (unaf-
fected control), WT0652 (proband DUK350) and MY0407 (pro-

band DUK504) were established by Epstein-Barr virus (EBV)
transformation of peripheral blood lymphocytes by the European
Collection of Cell Cultures (Porton Down, Salisbury, UK).

Tissue culture and nonsense-mediated decay inhibitor experi-
ments. Cell lines were maintained in 1× RPMI 1640 (Life tech-
nologies, Paisley, UK) supplemented with 10% FCS (Life Tech-
nologies). Cycloheximide (an inhibitor of the NMD pathway)
was added at 100 µg/ml in DMSO to investigate the possibility
of NMD. A solvent control (DMSO 1% v/v) was also tested.

Amplification of illegitimately transcribed mRNA from trans-
formed lymphoblastoid cell lines. Total RNA was extracted from
approximately 1×106 EBV-transformed lymphoblastoid cells us-
ing the Perfect RNA Mini RNA kit (Eppendorf, Hamburg, Ger-
many) according to manufacturer’s instructions. Complementary
DNA (cDNA) was synthesised from 5 µg of the total RNA using
the Thermoscript RT-PCR system (Life Technologies) according
to the manufacturer’s instructions. The incubation temperature
was 50 °C. RT-PCR reactions were set up in triplicate in a two-
round nested PCR with three overlapping fragments covering the
entire HNF-1β cDNA from mutation-bearing cell lines and from
unaffected controls (for primer sequences see Table 1). We used
2 µl of each cDNA in each first-step PCR reaction. For the sec-
ond round, 1 µl of a 1:10 dilution was used. Conditions for both
rounds of PCR were as follows: 3 min at 95 °C initial denatur-
ation, followed by 35 cycles of 1 min at 95 °C, 1 min at 55 °C,
2 min at 72 °C and a final 10-min extension at 72 °C. We used
2.5 U of Taq polymerase (Abgene, Epsom, UK) per reaction.

RT-PCR products were run on 0.8% metaphor agarose gels
(Helena Biosciences, Cambridge, UK). Individual splice prod-
ucts were isolated by removing small samples from the gels us-
ing a pipette tip and subsequent reamplification of DNA from
the agarose gel plugs (bandstab PCR). PCR products were then
purified (Qiagen PCR Purification Kit; Qiagen, Crawley, UK)
and sequenced in both directions using Big Dye chemistry and
an ABI 377 Sequencer (Applied Biosystems, Warrington, UK).
Sequences were aligned with the published sequence using the
Sequence Navigator software package (Applied Biosystems).

Real-time PCR quantification of splice variants. Ectopic
mRNA transcripts were amplified from lymphoblastoid cells
using a TaqMan approach. Splice variants purified by bandstab
PCR as described above were used in serial dilution to produce
standard curves for probe validation. Primer and probe se-
quences are given in Table 2. Three replicate reactions were
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Table 1. Primers used for nested RT-PCR of HNF-1β

Primer set Sense/antisense primer

Round one Fragment 1–3a
1B Ex1FP 5′ atggtgtccaagctcacgtcg 3′
1B Ex3RP 5′ gcattcctccactaaggcctctct 3′
Fragment 3–6a
1B Ex3FP 5′ aaccagacagtccagagttctg 3′
1B Ex6RP 5′ gactccagagaggggtgtcat 3′
Fragment 5–8a
1B Ex5FP 5′ gagatcacttcctcctcaaca 3′
1B Ex8RP 5′ acttgaagacatgttggtgag 3′
Fragment 5–9a
1B Ex5FP 5′ gagatcacttcctcctcaaca 3′
1B Ex9RPS 5′ tcaccaggcttgtagaggaca 3′

Round two Fragment 1–3b
1B Ex1FS 5′ ctgagcgccctgctgagctcc 3′
1B Ex3RS 5′ ccgatcgtaggcctggtacaa 3′
Fragment 3–6b
1B Ex3FS 5′ agcagtcaggatcagctgctg 3′
1B Ex6RS 5′ ctggggtaaatggtgggagag 3′
Fragment 5–8b
1B Ex5FS 5′ agcgccatggtgaccagccag 3′
1B Ex8RS 5′ ggtatctgtgaccaccattgc 3′
Fragment 5–9b
1B Ex5FS 5′ agcgccatggtgaccagccag 3′
1B Ex9RPS 5′ tcaccaggcttgtagaggaca 3′

Table 2. Primers used for real-time PCR analysis of HNF-1β splice variants β

Splice variant Sequence Label

Variant A F primer 5′ GTA CGT CAG AAA GCA ACG AGA GAT 3′ None
R primer 5′ TGA CTG CTT TTG TCT GTC ATA TTT CCA3′ None
Probe 5′ CCT CCG ACA ATT CAA C 3′ 5′FAM, 3′MGB

Variant B F primer 5′ CGG GCG GAG GTG GAC 3′ None
R primer 5′ ATC CTG ACT GCT TTT GTC TGT CAT 3′ None
Probe 5′TCT GGT TGA ATT CTG AGC ATC 3′ 5′FAM, 3′MGB

Variant A deleted F primer 5′ CGG GCG GAG GTG GAC 3′ None
R primer 5′ AGG CCC ATG GCT CTG TTG 3′ None
Probe 5′ ACT GAA CTC TGA GCA TCC G 3′ 5′FAM, 3′MGB

Variant B deleted F primer 5′ ACG TCA GAA AGC AAC GAG AGA TC 3′ None
R primer 5′ CCC AGG CCC ATG GCT 3′ None
Probe 5′ TCC GAC AGT TCA GTC AAC A 3′ 5′FAM, 3′MGB

Areas of probe located in different exons are marked in bold type. FAM, 6-fluoroscein; MGB, minor-groove-binding protein



carried out for each cell line using 1.5 µl cDNA. PCR products
were detected using transcript-specific probes designed to span
the exon–exon junctions (see Table 2). Reactions contained
10 µl TaqMan Universal PCR Master Mix, no AmpErase, 1 µl
Assays-by-Design probe and primer mix (corresponding to
18 µmol/l per primer and 5 µmol/l per probe) in a total volume
of 20 µl. Amplification conditions were a single cycle of 95 °C
for 10 min, followed by 40 cycles of 95 °C for 15 seconds and
60 °C for 1 min.

Relative quantitation of mRNA transcripts. Crossing points
(Ct) were determined for each splice variant and an endoge-
nous control (the human β-actin gene). The relative abundance
of each transcript was then determined from the equation 2−∆∆
Ct [20]. This equation relates to the difference in crossing point
between each variant transcript and the β-actin endogenous
control (∆Cttest) relative to the ∆Ct obtained from a reference
sample (∆Ctref). ∆∆Ct is given by ∆Cttest−∆Ctref. The levels of
splice variant A were taken as the sample reference; other tran-
scripts were therefore measured relative to wild-type transcript
A. Once the proportion of each transcript in the mRNA popu-
lation is known, the percentage of each isoform can be deter-
mined. This method gives an accurate measurement of relative
abundance that is independent of all other factors.

Results

A novel splice site mutation, IVS2nt+2insT, was identi-
fied in the proband of family DUK350. The mutation
co-segregated with renal disease and diabetes (Fig. 1b).
This is the fourth mutation identified at the intron 2 do-
nor splice site and confirms this as the HNF-1β muta-
tion hot spot, representing 24% (4/17) of mutations.

Mutations at the splice donor site of intron 2 are
predicted to lead to exon loss or retention, but in order
to define the precise genetic defect, mRNA analysis
was necessary. In the absence of samples from tissues
with legitimate HNF-1β expression, we have used a
novel RT-PCR assay to allow examination of HNF-1β
mRNA from ectopic mRNA transcripts. We amplified
the HNF-1β gene in three overlapping fragments from
cell lines derived from the proband in each family and
also from unrelated unaffected controls.

Agarose gel electrophoresis of the fragment ampli-
fying exon 1 to exon 4 produced four products in both
cell lines from affected individuals (Fig. 2), but only
two products in the control subjects. Other fragments
covering the remaining exons showed a single band in
both controls and both probands. The two transcripts
shared by affected subjects and controls were identi-
fied by direct sequencing as wild-type HNF-1β splice
variants A and B, which have been previously de-
scribed [21]. The remaining two amplicons were iden-
tified as mutant forms of splice variants A and B in
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Fig. 2. Splice variants produced by the IVS2+1G>T and
IVS2nt+2insT mutations. This figure shows the amplicons pro-
duced by RT-PCR of transcripts produced by IVS2nt+1G>T
mRNA for exons 1–4. Size markers (100 bp ladder) are repre-
sented by ‘M’. Lanes 1 and 2 are HNF-1β RT-PCR products
amplified from proband DUK350. Lanes 3 and 4 are RT-PCR
products amplified from the proband of family DUK504.
Lanes 5 and 6 are RT-PCR products from unaffected controls.
The water (negative) control is in lane 7. A and B are wild-
type transcripts; Adel and Bdel are mutated transcripts

Fig. 3. a The functional domains of HNF-1β. b Splicing pat-
tern of wild-type variants A and B. c Splice variant Adel; exon
2 skipped, as frameshift leads to premature terminations at po-
sition codon 154. d Splice variant Bdel; exon 2 skipped, as
frameshift leads to premature terminations at position codon
128. The dimerisation domain located in exon 1 is shown in
grey. The DNA binding domain (exons 2 and 3) is given by a
hatched box. The transactivation domain (exons 4 to 9) is
shown by a dotted box. The positions of the 26 amino acids
spliced out to form variant B are shown in black. Schematics
of mutant transcripts show the intron/exon structure of the rel-
evant region of the HNF-1β gene, the predicted structure of the
transcript following splicing and the true sequence of the junc-
tion region



which exon 2 was deleted (Adel, Bdel; Fig. 3b and 3c).
We were unable to detect HNF-1β splice variant C in
any sample, perhaps due to a low level of expression,
which prevents amplification from ectopic transcripts.
The predicted effect of deleting exon 2 would be the
generation of a frameshift leading to a premature ter-
mination at codon 154 for splice variant A and at co-
don 128 for splice variant B. The effect of such a
change would be the disruption of the DNA-binding
domain of the protein and the complete deletion of the
transactivation domain. Such a protein is likely to
have little or no activity.

The abnormal exon 1–4 amplicons from the cell
lines with HNF-1β mutations showed reduced intensi-
ty on agarose gel electrophoresis compared with the
wild-type products (Fig. 2). The relative levels of each
transcript were then quantified by real-time PCR. In
the control cell line, the relative levels of splice vari-
ants A and B were estimated at 61% and 39% respec-
tively (Table 3). Cells harbouring the IVS2nt+1G>T
mutation had HNF-1β transcript levels of 61%, 27%,
8% and 4% for transcripts A, B, Adel and Bdel respec-
tively (see Table 3). The mutation IVS2nt+2delT
showed transcript frequencies of 53%, 35%, 4% and
8% for transcripts A, B, Adel and Bdel respectively.

Since both mutant transcripts generate frameshift
mutations leading to the production of premature ter-
mination codons, they are theoretically substrates for
the NMD mRNA surveillance pathway. We therefore
sought to determine whether the lower abundance of
mutant transcripts was due to a down-regulation of
transcription or to the action of NMD by the use of the
NMD inhibitor cycloheximide. The frequency of iso-
forms present in cycloheximide-treated IVS2nt+1G>T
mRNA were 60%, 21% 9% and 10% respectively 
(Table 3). The frequency of wild-type and abnormal
transcripts produced from the IVS2nt+2delT mutation
were 50%, 33%, 5% and 12% respectively (Table 3).
The translation inhibitor cycloheximide did not influ-
ence the ratio of abnormal to normal transcripts in
cells carrying either mutation: 19% vs 23% and 14%

vs 20% for the IVS2nt+1G>T and IVS2nt+2delT mu-
tations respectively. This suggests that the lower rela-
tive level of mutant splice variants is probably not due
to NMD.

Discussion

The most common site for diabetes-associated muta-
tions in the HNF-1β gene is the splice donor site of in-
tron 2. We report a novel mutation, IVS2nt+2insT, the
fourth mutation at this site. This paper describes the
first HNF-1β splice site mutations to be studied at the
mRNA level from subjects with the RCAD syndrome.
Both mutations generate identical transcripts with ab-
normal splicing and deletion of exon 2, which is pre-
dicted to result in a truncated protein lacking the
transactivation domain. The affected members of fam-
ilies DUK350 and DUK504 who carry the splice site
mutations have similar phenotypes, and it is perhaps
not surprising that both mutations are predicted to op-
erate by the same mechanisms. In both families there
are affected subjects with renal cysts and early-onset
diabetes, the cardinal features of the RCAD syn-
drome. Family DUK504 has previously been reported
as having hyperuricaemia and gout, but these are fea-
tures that have recently been described in association
with many HNF-1β mutations [11]. All the affected
adult subjects in family DUK350 also have hyperuri-
caemia. Other families with mutations in this region
also report renal cysts (without defined histology) and
diabetes [9, 11, 14]. It is likely therefore that all fami-
lies with mutations at this site have a similar pheno-
type, although there can be variation between family
members, as seen in both our families (Fig. 1).

Using real-time PCR, we showed that the mutated
splice variants are present at a lower level than the na-
tive transcripts. Mutant transcripts containing prema-
ture termination codons may be detected and degraded
by NMD, a ubiquitous process in eukaryotic cells.
NMD has previously been reported to be a result of
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Table 3. Real-time quantitation of wild-type and abnormal HNF-1β splice variants

Mutation Quantification Variant A Variant B Variant Adel Variant Bdel

Control ∆∆Ct 0 0.67 n/a n/a
61% 39% n/a n/a

IVS2nt+1G>T −CHX ∆∆Ct 0 1.15 2.93 3.86
61% 27% 8% 4%

IVS2nt+1G>T +CHX ∆∆Ct 0 1.54 2.78 2.56
60% 21% 9% 10%

IVS2nt+2insT −CHX ∆∆Ct 0 0.62 3.82 2.66
53% 35% 4% 8%

IVS2nt+2insT +CHX ∆∆Ct 0 0.62 3.39 2.07
50% 33% 5% 12%

n/a, not applicable



splice site mutations [16]. However, the inclusion of
the NMD inhibitor, cycloheximide, failed to alter the
relative transcript frequencies as measured by real-
time PCR. This suggests that the reduction of the mu-
tant transcript frequency is unlikely to be due to
NMD. It is possible that the mutated mRNAs repres-
ent minor splice products, but it is more likely that
their stability is compromised by other mechanisms.
Mutations that induce conformational changes in the
tertiary structure of dopamine receptor mRNA tran-
scripts have recently been demonstrated to decrease
the stability of the transcripts in vivo [22].

The presence of ectopic transcripts in lymphoblas-
toid cell lines has allowed examination of mRNA
splicing mechanisms in human genes where studies of
mRNA expression are limited by the expression pro-
file. Using this technology we have been able to
demonstrate the effects of two HNF-1β mutations,
IVS2nt+2insT and IVS2nt+1G>T, on RNA splicing.
The consequences of mutations that affect mRNA pro-
cessing are difficult to predict from the genomic DNA
structure alone. It is therefore important to conduct
studies at the mRNA level. This type of analysis may
elucidate the molecular mechanisms of splice site mu-
tations and aid confirmation of their pathogenic status.
Although we believe that the analysis of ectopic tran-
scripts provides a good model for tissues with legiti-
mate HNF-1β expression, there can be no final proof
of this until such tissues become available.
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