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Abstract

The homeodomain transcription factor insulin promoter
factor-1 (IPF-1) is required for development of the pancreas
and also mediates glucose-responsive stimulation of insulin
gene transcription. Earlier we described a human subject with
pancreatic agenesis attributable to homozygosity for a cy-
tosine deletion in codon 63 of the IPF-1 gene (Pro63fsdelC).
Pro63fsdelC resulted in the premature truncation of an
IPF-1 protein which lacked the homeodomain required for
DNA binding and nuclear localization. Subsequently, we
linked the heterozygous state of this mutation with type 2
diabetes mellitus in the extended family of the pancreatic
agenesis proband. In the course of expressing the mutant
IPF-1 protein in eukaryotic cells, we detected a second IPF-1
isoform, recognized by COOH- but not NH,-terminal-spe-
cific antisera. This isoform localizes to the nucleus and re-
tains DNA-binding functions. We provide evidence that
internal translation initiating at an out-of-frame AUG ac-
counts for the appearance of this protein. The reading
frame crosses over to the wild-type IPF-1 reading frame at
the site of the point deletion just carboxy proximal to the
transactivation domain. Thus, the single mutated allele re-
sults in the translation of two IPF-1 isoproteins, one of
which consists of the NH,-terminal transactivation domain
and is sequestered in the cytoplasm and the second of which
contains the COOH-terminal DNA-binding domain, but
lacks the transactivation domain. Further, the COOH-ter-
minal mutant IPF-1 isoform does not activate transcription
and inhibits the transactivation functions of wild-type IPF-1.
This circumstance suggests that the mechanism of diabetes
in these individuals may be due not only to reduced gene
dosage, but also to a dominant negative inhibition of tran-
scription of the insulin gene and other B cell-specific genes
regulated by the mutant IPF-1. (J. Clin. Invest. 1998. 102:
232-241.) Key words: mutated allele « internal translation
gene transactivation
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Introduction

Early onset type 2 diabetes mellitus (maturity onset diabetes
of the young [MODYT'") is an autosomal dominant disease
characterized by the development of non-insulin-dependent
diabetes mellitus at an early age (1). To date, four genetic de-
fects that cause MODY monogenic form of type 2 diabetes
have been uncovered, three of which correspond to transcrip-
tion factors expressed in pancreatic 3 cells (hepatic nuclear
factor [HNF]la and HNF4«, and insulin promoter factor-1
[IPF-1])? (2-4). Recently, a mutation in another transcription
factor, HNF1, has been associated with MODY (5). The ho-
meodomain transcription factor IPF-1 (also known as IDX-1/
STF-1/PDX-1) is required for development of the pancreas
(6, 7) and also mediates glucose-responsive stimulation of in-
sulin gene transcription (8-10). IPF-1 is also implicated in the
transcriptional regulation of other B cell-specific genes, in-
cluding glucose transporter-2, glucokinase, and islet amyloid
polypeptide (11-13). Transcriptional activation of somatosta-
tin by IPF-1 depends on an NH,-terminal transactivation do-
main (14). The synergistic activation of the insulin gene by the
bHLH factor E47 and IPF-1 also depends on the NH,-terminal
transactivation domain of IPF-1 (15) and IPF-1 can rescue glu-
cocorticoid-mediated suppression of an insulin transcriptional
reporter in HIT cells (16).

In an earlier report, we described a child in whom the pan-
creas did not develop (pancreatic agenesis) and who was also
homozygous for an inactivating cytosine deletion mutation in
the protein coding sequence of the IPF-1 gene (Pro63fsdelC)
(7). Subsequently, we showed that, in heterozygous carriers of
the mutant IPF-1 allele within both branches of the extended
family of the proband, the mutation is linked to autosomal
dominant early onset type 2 diabetes mellitus (MODY4) (4).

In our earlier report we described the Pro63fsdelC muta-
tion as an inactivating mutation resulting in the premature
termination of the translation of IPF-1 (7). This premature ter-
mination prevented the translation of the COOH-terminal do-
main of the protein consisting of the homeodomain that con-
tains the DNA-binding and nuclear translocation functions
(7). We reported that a polyclonal antiserum raised against a
GST-IDX-1 fusion protein (Hm66) did not detect the prema-
turely terminated cytoplasmic mutant protein nor any other
mutant protein forms on Western blot analysis (7). Subsequent
development and characterization of an antiserum specific for
the COOH terminus of IPF-1 (see Fig. 1) has revealed that the

1. Abbreviations used in this paper: EMSA, electrophoretic mobility
shift assay; HNF, hepatic nuclear factor; IPF-1, insulin promoter fac-
tor-1; MODY, maturity onset diabetes of the young; mut, mutant;
OREF, open reading frame; wt, wild-type.

2. The officially designated name for the human gene locus for this
gene is IPF-1 (Genome Database Nomenclature Committee, Univer-
sity College, London).
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Figure 1. (A) Immunostaining of Cos-1 cells
transfected with mut IPF-1 expression plas-
mid shows nuclear localization of mut
IPF-1. h/rwt and h/rmut IPF-1 expression
plasmids were transfected into Cos-1 cells.
Fixed cells were stained with NH,- (aN) and
COOH-terminal («aC)-specific antisera.
(B) EMSAs show complexes between the
Far FLAT DNA element of the rat insulin 1
promoter and mut IPF-1 in nuclear extracts
of BHK cells transfected with mut IPF-1 ex-
pression plasmid. (Left) EMSA and super-
shift analysis; free probe (lane 1), BHK cells
transfected with hwt IPF-1 (lanes 2—4),
hmut IPF-1 (lanes 5-7), and pcmv5 (empty
expression vector; lanes 8—10). Antisera
were preimmune (PI7; lanes 2, 5, and 8),
COOH-terminal-specific IPF-1 («C; lanes
3, 6, and 9), or NH,-terminal specific IPF-1
(aN; lanes 4, 7, and 10). Supershifts (SS), wt
IPF-1 and mut IPF-1 complexes, and free
probe (FP) are indicated by arrows. Non-
specific complexes also present in empty
vector transfected BHK cells are denoted by
asterisks. (Right) Competition studies; free
u probe (lane ), hwt IPF-1 (lanes 2-4), hmut
IPF-1 (lanes 5-7), and pcmv5 (empty ex-
ﬁ pression vector; lanes 8—10). The specific
competitor was the Far FLAT element
(lanes 3, 6, and 9). The nonspecific competi-
tor was the somatostatin CRE (lanes 4, 7,
and 10). Competitors were included in the
binding reaction in ~ 400-fold excess. (C)

Western blot of nuclear extracts prepared from BHK cells transfected with pcmvS (empty vector, lanes I and 4), hwt IPF-1 (lanes 2 and 5), and
hmut IPF-1 (lanes 3 and 6) expression plasmid and immunoblotted with COOH- (aC; left) and NH,-terminal-specific (aN; right) IPF-1 antisera.

40 pg of nuclear extract was loaded in each lane.

mutant IPF-1 allele also encodes a protein that translocates to
the nucleus and binds to an IPF-1-specific DNA control ele-
ment in the rat insulin 1 gene promoter. We describe herein
the evidence for the existence of such an IPF-1 isoform lacking
the transactivation domain and characterize the functional ef-
fect of this isoform on two IPF-1 target genes.

Methods

Vectors. Construction of expression vectors containing wild-type
(wt) and mutant (mut) IPF-1 harboring the Pro63fsdelC mutation
was described previously (7). These cDNAs are fusions of human
exon 1 from a normal individual or an individual harboring the
Pro63fsdelC mutation with exon 2 of rat IDX-1. These were cloned
into the expression vector pcmvS. Subsequently, we received an in-
tact human IPF-1 cDNA amplified from human 13-wk fetal pancreas
as a gift from Henk-Jan Anstoot and Aart Verwest (Sophia Chil-
dren’s Hospital, Rotterdam, The Netherlands); this cDNA was also
transferred into the pcmv5 eukaryotic expression vector and the
Pro63fsdelC mutation was introduced by site-directed mutagenesis
(Quik-Change kit; Stratagene, La Jolla, CA). The names of the plas-
mids derived from the human/rat parental vector are designated with
h/r and the fully human IPF-1 constructs are designated by names be-
ginning with h. The IPF-1 proteins encoded by h/r and h plasmids be-
have similarly in electrophoretic mobility shift assays (EMSAs),
Western, immunostaining and transactivation assays. A construct
lacking the translation initiation site for wt IPF-1 was created through
the use of a unique EcoRYV site in the 5" pcmv5 polylinker and the

unique Scal site positioned at nucleotide 19 of ORF-1 (see Fig. 2 A)
between the wt IPF-1 and the out-of-frame initiator methionines. The
EcoRV-Scal fragment was removed from the h/rmut IPF-1 expres-
sion construct and the remaining fragment was religated to create
h/rmut IPF-1 AAUG. The reporter constructs were the multimerized
somatostatin TAAT1 element reporter vector, SMS(TAATI1)s-
65SMS CAT (17), and the multimerized rat insulin I promoter Far
FLAT enhancer (SFF1CAT) (18).

Antisera. The IPF-1 NH,-terminal antiserum («N) and COOH-
terminal (aC) antiserum were raised in rabbits against the first and
last 12 amino acids of rat IDX-1, respectively (7). A new antiserum
(N, see Fig. 2 B) was generated against the first 12 amino acids of
the unique NH, terminus of the alternatively translated IPF-1 open
reading frame, amino acid sequence RVPARPGAGVQR.

Immunocytochemistry. Transfected cells were trypsinized and
seeded into 4-well chamber slides (Nunc Inc., Naperville, IL), al-
lowed to reattach for 24 h, and stained as described (7). Primary anti-
sera were used at 1:750 dilution.

Expression studies. Transfections into Cos-1 cells were per-
formed using DEAE-dextran and a brief dimethylsulfoxide shock
(19). BHK cells were transfected with lipofectin (GIBCO BRL,
Gaithersburg, MD). RIN5AH cells were transfected by DEAE-dex-
tran in solution suspension (20). NIH 3T3 and HeLa cells were trans-
fected using the calcium phosphate method (5 Prime -3 Prime, Inc.,
Boulder, CO). CAT assays were performed using FAST CAT as sub-
strate, and visualized and quantitated on a Fluorimager (Molecular
Dynamics, Sunnyvale, CA). In all transfections, equal amounts of
mut and wt IPF-1 expression vectors were used.

Western blot analysis. Western blot analysis of nuclear extracts
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was performed as described (7). The NH,- and COOH-terminal anti-
sera were used at 1:10,000 dilution, whereas the antiserum to the al-
ternate reading frame (aN,,,;) was used at 1:500.

Site-directed mutagenesis. Site-directed mutagenesis of the out-
of-frame AUG beginning at nucleotide 51 of the wt IPF-1 open read-
ing frame (ORF-1, see Fig. 2 A) was performed by substituting A
with G at nucleotide 51 in h/rmut IPF-1 using the Quik-Change kit
(Stratagene). This mutation converted the methionine codon (AUG)
to a valine codon (GUG) in ORF-3 while leaving the amino acid cod-
ing sequence of the NH,-terminal truncated translation product (mut
IPF-1 N isoform) unchanged [CCA (Pro 17) -~ CCG (Pro 17) in
ORF-1].

EMSAs. EMSAs were performed with the Far FLAT enhancer
of the rat insulin 1 gene promoter as the ¥*P-labeled oligonucleotide
probe (sequence 5'-GATCCTTCATCACGGCATCTGGCCCCT-
TGTTAATAATCTAATTACCCTAGGTCTA-3') using previously
described methods (17). IPF-1 has been shown to be the predominant
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transcription factor binding to this element (15). Nuclear extracts
were prepared from BHK cells transfected with either wt or mut
IPF-1 expression vectors. Supershifts were performed by adding 1 pl
of polyclonal antiserum for 15 min before the addition of labeled oli-
gonucleotide. Complexes were resolved on 6% nondenaturing poly-
acrylamide gels. In competition studies, the specific competitor was
the unlabeled rat insulin 1 promoter Far FLAT element (see above)
and the nonspecific competitor was the unlabeled somatostatin CRE
element (sequence: 5'-GATCCGGCGCCTCCTTGGCTGACGT-
CAGAGAGAGAGA-3') (20).

Results

Detection of a COOH-terminal immunoreactive mut IPF-1 iso-
form. Development of an antiserum specific for the COOH
terminus of wt IPF-1 revealed that, in addition to the truncated
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which NH,- and COOH-terminal-specific antisera were raised are indi-
cated by the small hatched bars (N, C, and Nmut). TA, Transactivation
Internal domain; DBD, DNA-binding domain; HD, homeodomain; NLS, nu-
AUG clear localization signal. AC marks the position of Pro63fsdelC.

cytoplasmic NH,-terminal isoform previously described (6),
the mut IPF-1 allele also encodes a protein that translocates to
the nucleus (Fig. 1 A) and binds to an IPF-1-specific DNA
control element in the rat insulin 1 gene promoter (15) (Fig. 1
B, left). This COOH-terminal immunoreactive isoform was
not detected previously because the Hm66 antiserum does not
recognize this isoform of IPF-1 on Western blots. However,
the Hm66 antiserum does recognize the COOH-terminal iso-
form on immunostaining and in supershifts on EMSA (data
not shown), suggesting the existence of a specific conforma-
tional effect preventing visualization on Western blots.

Our studies used two types of expression vectors for IPF-1,
a human exon 1/rat exon 2 fusion IPF-1 cDNA (h/r IPF-1) de-
scribed previously (7) and an intact human IPF-1 cDNA am-
plified from human fetal pancreatic cDNA (h IPF-1). The hu-

man and rat homologues of IPF-1 share 100% amino acid
identity in the homeodomain DNA-binding domain and high
conservation in the flanking domains. Here and in the previous
report (7), we demonstrate that the h/rwt IPF-1 fusion protein
retains all properties compared with rat IDX-1 and human
IPF-1 in terms of DNA binding, subcellular localization, trans-
activation, and with regard to the generation of a COOH-ter-
minal immunoreactive IPF-1 isoform in the context of the
Pro63fsdelC mutation.

Cross-over of reading frames in the setting of Pro63fsdelC.
The unanticipated findings of a COOH-terminal immunoreac-
tive isoform of IPF-1 prompted us to examine more closely the
nucleotide sequence of exon 1 of IPF-1 for the possibility of
an internal reinitiation of translation of the mutated IPF-1
mRNA triggered by the premature termination of translation.
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Upon examination of the nucleotide sequence of the IPF-1
mRNA we found an AUG codon in a reasonable context for
translational initiation at nucleotide 51 of the wt IPF-1 open
reading frame (21) (ORF-1, Fig. 2 A). Although translation
is out of the reading frame for wt IPF-1, the mutation
Pro63fsdelC in the mut IPF-1 allele shifts and reestablishes the
correct reading frame for the protein (Fig. 2, A and B). The
consequence of this translational frame-shift is the synthesis of
an alternative isoform of IPF-1 (mut IPF-1 C) that lacks the
NH,-terminal domain critical for the transactivation of gene
transcription (14, 15) but retains the DNA-binding and nuclear
translocation signals (schematically depicted in Fig. 2 B). Con-
sistent with this prediction, the mut IPF-1 DNA complex
detected in EMSA assays is shifted with the COOH-terminal—-
specific IPF-1 antiserum but not the NH,-terminal-specific an-
tiserum (Fig. 1 B). Similarly, on Western immunoblots, this
IPF-1 isoform is not detected by the NH,-terminal-specific
IPF-1 antiserum (Fig. 1 C).

Effect of site-directed mutagenesis of the out-of-frame AUG
at nucleotide 51 of ORF-1. To test the hypothesis that transla-
tional initiation from the internal AUG accounts for mut IPF-1
C observed on Western blot, EMSA, and immunofluores-
cence, we mutated this AUG to GUG by site-directed mu-
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h/r mut IPF-1 (AUG->GUG)
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- wt
< mut

Figure 3. Site-directed mutagenesis of nucle-
otide 51 to eliminate the alternative start
codon. (A) Western blot analysis of whole cell
extracts prepared from BHK cells transfected
with the indicated expression plasmids, empty
vector (lane 7), h/rwt IPF-1 (lane 2), h/rmut
IPF-1 (lane 3), and h/rmut IPF-1 (AUG -
GUG) (lane 4). An equal volume of whole cell
lysate was loaded in each lane. The COOH-
terminal-specific IPF-1 antiserum was used
(aC). (B) EMSA analysis of nuclear extracts
prepared from BHK cells transfected as in A
and incubated with the rat insulin Far FLAT
element as the labeled oligonucleotide probe.

tagenesis to encode a valine (ORF-3, Fig. 2 A), without alter-
ing the amino acid sequence of mut IPF-1 N (ORF-1, Fig. 2 A)
(see Methods). Expression of the AUG to GUG mutated IPF-1
resulted in a loss of the expression of the 42-kD COOH-termi-
nal immunoreactive protein in transfected BHK cells (Fig. 3 A,
lane 4) indicating that reinitiation of translation of the mut
IPF-1 mRNA occurs at this AUG codon. Furthermore, the
specific complex observed in EMSA experiments is also elimi-
nated through the mutagenesis of the AUG beginning at nu-
cleotide 51 (Fig. 3 B, lane 4).

Immunological verification of the NHy-terminal reading
frame of the Pro63fsdelC COOH-terminal isoform. To verify
the reading frame of the NH, terminus of mut IPF-1 C, we
generated an antiserum specific for the NH, terminus of ORF-3
(«Nmut) (Fig. 2 B). This antiserum specifically recognized mut
IPF-1 C (Fig. 4 A, lanes 6 and 9) but not wt IPF-1 (lanes 5 and
8). Furthermore, the complex between mut IPF-1 C and Far
FLAT DNA is specifically supershifted by aNmut (Fig. 4 B,
lane 5), whereas the wt IPF-1 complex is unaffected (lane 3).
To determine whether this alternate reading frame is used un-
der normal in vivo conditions, we used the aNmut antiserum
on a Western blot of whole cell extracts from human islets,
HeLa, and Capan-1 cells. No immunoreactive proteins at or
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Figure 4. Verification of the NH,-terminal
reading frame of the COOH-terminal im-
munoreactive mut IPF-1 isoform. (A)
Western blot analysis of nuclear extracts
prepared from BHK cells transfected with
empty vector (lanes /, 4, and 7), h/rwt
IPF-1 (lanes 2 and 5), h/rmut IPF-1 AAUG
(lanes 3 and 6), hwt IPF-1 (lane 8), and
hmut IPF-1 (lane 9) and visualized with «C
(left) and aN,,, antisera (middle and right).
An equal volume of whole cell lysate was
loaded in each lane of the left and middle
panels (lanes 7-6). 40 pg of nuclear extract
was loaded in the right panel (lanes 7-9).
(B) EMSA of nuclear extract of BHK cells
transfected with empty vector (lanes 6 and
7), hwt IPF-1 (lanes 2 and 3), and hmut
IPF-1 (lanes 4 and 5). All lanes contained
1 pl of either preimmune antiserum (lanes
2,4, and 6) or aN,,, antiserum (lanes 3, 5,
9 and 7). FP, Free probe. (C) The start AUG
codon at nucleotide 51 is used by an insu-
linoma cell line. Western immunoblot of
RIN 5AH cells transfected with empty vec-
tor (lane 7), h/rwt IPF-1 (lane 2), and

h mut IPF-1
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h/rmut IPF-1 AAUG (lane 3) visualized with IPF-1 COOH-terminal-specific antiserum (aC; left) and the alternate IPF-1 NH,-terminal-specific
antiserum (aNmut; right). 10 pg of nuclear extract was loaded in each lane.

around the predicted molecular mass of ORF-3 (21.3 kD) were
observed (data not shown).

Translation initiation site selection in a B cell insulinoma
cell line. To obtain higher levels of expression and to verify
that the AUG at nucleotide 51 is suitable for translation initia-
tion, we created a construct harboring Pro63fsdelC but lacking
the translation initiation codon for wt IPF-1 (h/rmut IPF-1
AAUG). This resulted in translation of a protein of the same
molecular weight and immunoreactivity as mut IPF-1 C but at
levels comparable to the expression levels of wt IPF-1 (Fig. 4
A, lane 3). This construct was transfected into the RINSAH in-
sulinoma {3 cell tumor cell line. Endogenous IPF-1 could be de-
tected (Fig. 4 C, all lanes). Overexpression of IPF-1 was evi-
dent when the wt construct was transfected (Fig. 4 C, lane 2).
Similarly, mut IPF-1 C was detected when the h/rmut IPF-1
AAUG expression plasmid was introduced (lane 3), indicating
that the AUG at nucleotide 51 of ORF-1 is an efficient transla-
tion initiator in a 3 cell line. Mut IPF-1 C in RIN5AH cells was
also specifically recognized by aNmut (Fig. 4 C, lane 6).

Function of the alternate IPF-1 isoform. The lack of a
transactivation domain raised the likely possibility that the in-
ternally translated COOH-terminal immunoreactive IPF-1 iso-
form would be incapable of activating transcription from IPF-1
target genes. In accordance with this possibility, the mutant
isoform expressed from h/rmut IPF-1 is unable to transactivate
from the somatostatin TAATI element, an established binding
site and target gene for IPF-1 (17, 22). IPF-1 activates the
SMS(TAAT1)s-65SMSCAT reporter construct ~ 14-fold
compared with 2-fold for mut IPF-1 (Fig. 5 A). mut IPF-1 does
not significantly activate the SMS(TAAT1);-65SMSCAT re-
porter in the B cell line, RINSAH, even when expressed at
high levels from the h/rmutIPF-1 AAUG expression plasmid
(Fig. 5 B). Further, mut IPF-1C does not synergize with E47 to
activate the multimerized Far FLAT enhancer of the rat insu-

lin 1 gene (SFF1CAT) reporter in HeLa cells (Fig. 5 C). When
increasing amounts of mut IPF-1 are cotransfected with wt
IPF-1 in this synergy assay, a progressive inhibition of synergy
is observed (Fig. 5 C). Expression of both normal and mut
IPF-1 was confirmed by Western blot analysis of the nuclear
pellet of transfected cell lysates (data not shown). Thus, the
mut IPF-1 isoform is not only unable to activate transcription,
but it exerts a dominant negative effect on the activation of
target gene transcription by wt IPF-1.

Discussion

Here, we demonstrate that a heterozygous mutation in IPF-1
associated with early onset type 2 diabetes mellitus results in
the translation of two IPF-1 isoforms from the mutant allele.
One isoform consists of the NH,-terminal transactivation do-
main and is transcriptionally inactive and the second isoform
contains the COOH-terminal DNA-binding domain, but lacks
the transactivation domain. These isoforms arise in the context
of a cytosine deletion in the open reading frame encoded by
exon 1. The COOH-terminal isoform results from “backscan-
ning” reinitiation of translation as a result of premature termi-
nation of translation of ORF-1. Occurrences of the reinitiation
of translation of mRNAs in which the initial translation is pre-
maturely terminated have been reported previously. It is con-
jectured that the termination-induced release of ribosomes ini-
tiated by 5’ upstream AUG start codons relieves ribosomal
elongation occlusion and allows for the reinitiation of transla-
tion at cryptic internal AUG codons in the mRNA (23, 24).
Although translational backscanning in eukaryotic mRNAs
has been reported (25-27), our findings may be the first exam-
ple of this mechanism contributing to a disease phenotype.
The existence of an IPF-1 isoform that contains both nu-
clear localization and DNA binding but no transactivation do-
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main is relevant to the pathogenetic mechanism of the diabe-
tes associated with this mutation. Initially we considered that a
mechanism of decreased gene dosage due to inactivation of
one of the two IPF-1 alleles could account for the diabetic phe-
notype. However, the expression of the COOH-terminal iso-
form suggests that the mut IPF-1 allele may also serve as a
dominant negative inhibitor of the function of the unmutated,
wt IPF-1 allele. Several examples of dominant negative iso-
forms of transcription factors, which lack transactivation do-
mains due to alternative exon splicing of RNA, alternative us-
age of internal translation codons of mRNA, and genetic
mutations have been reported (23, 28, 29). We show that the
mutant COOH-terminal isoform of IPF-1 does not activate the
transcription of two different transcriptional reporters that are
driven by IPF-1-regulated binding sites. Furthermore, the mut
IPF-1 competitively inhibits the ability of wt IPF-1 in syner-
gism with E47 to activate the rat insulin I Far FLAT enhancer.
When equal amounts of expression vectors are cotransfected,
mut IPF-1 completely abrogates the synergy of wt IPF-1 with
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EA47 in the activation of the rat insulin I reporter. These find-
ings indicate that even a fraction of mut IPF-1 expression rela-
tive to wt IPF-1 in vivo may have a significant inhibitory effect
on transcription of IPF-1 target genes.

Additional supportive evidence for our conjecture that the
internally translated IPF-1 isoform resulting from the cytosine
deletion mutation is unable to transactivate IPF-1 target genes
comes from the phenotype of the index subject who is ho-
mozygous for this mutation. The subject has pancreatic agene-
sis. If the mut IPF-1 isoform were to have transactivational ac-
tivities, one might not expect that the expression of the
isoform would result in such a severe phenotype of pancreatic
agenesis.

Although the family with the Pro63fsdelC mutation satis-
fies criteria for MODY, the age of onset of disease was some-
what later than the age of onset for MODY1, 2, and 3, suggest-
ing that the IPF-1 deficiency phenotype may represent an
intermediate between classic MODY and the more common
late onset type 2 diabetes mellitus. The regulation of the rela-
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Figure 5. Lack of transactivation and dom-
inant negative effect of mut IPF-1 C. (A)
Lack of transactivation function of the mu-
tant allele on a somatostatin promoter re-
porter construct. (Top) A representative
CAT assay in which NIH 3T3 cells were
cotransfected with the somatostatin re-
porter (SMS TAAT1)5-65SMSCAT and
empty vector (lanes I and 2), h/rwt IPF-1
(lanes 3 and 4), or h/rmut IPF-1 (lanes 5
and 6) expression plasmid. (Bottom) Mean
fold activation over empty vector for three
experiments each performed in duplicate
or triplicate. Error bars represent SEM

(n = 3). (B) Lack of transactivation by the
expression of mut IPF-1 C (h/rmut IPF-1
AAUG) on (SMS TAAT1)5-65SMSCAT
reporter in insulin-producing RINSAH
cells. Error bars reflect SEM (n = 5). (C)
Lack of synergy of h/rmut IPF-1 AAUG
with E47 on SFF1CAT in HeLa cells and
dominant negative action on the synergy
of h/rwt IPF-1 with E47. Results are ex-
pressed as percent maximal synergy (which
is that of h/rwt IPF-1 with E47). Error bars
represent SEM (n = 3). The amounts of ex-
pression plasmid (pg) used in each trans-
fection are indicated.

IPF-1 Gene Mutation in Diabetes 239



tive amounts of the production of IPF-1 from the normal allele
and the dominant negative IPF-1 isoform from the mutant al-
lele is unknown; perhaps age will influence the accumulation
of the mut IPF-1 isoform relative to the normal IPF-1 gene
product. In support of this concept, the deterioration of B cell
function with age in Wistar rats has been associated with de-
creased expression of the insulin and GLUT2 genes (30, 31),
both of which are regulated by IPF-1 (11, 15). The levels of
IPF-1 as a function of age have not yet been determined; how-
ever, it may be relevant that IPF-1 promoter activity appears
to diminish with age in transgenic mice bearing the transcrip-
tional reporter lacZ under the control of the IPF-1 promoter
(32).

What remains in question, and yet to be determined in the
future, are the mechanisms by which the mut IPF-1 leads to
the development of diabetes in heterozygous individuals who
carry the mutant allele. Clearly, carriers of the inactivating mu-
tation are haploinsufficient for IPF-1, notwithstanding the ex-
pression of any dominant negative IPF-1 isoform derived from
the expression of the mutant allele. Our transfection expres-
sion studies indicate that the mut IPF-1 is expressed at lower
levels (10-30%) compared with the expression of wt IPF-1. It
is not unexpected that mut IPF-1 would be relatively unstable
when expressed in 3 cells, or other cells, because mutated pro-
teins are often degraded at a faster rate compared with the
wild-type, unmutated, protein. However, even a low level of
expression of the dominant negative IPF-1 would predictably
lower the gene dosage of IPF-1, based on our experimental
findings of dominant negative inhibition in transfection ex-
pression studies.

It seems reasonable to speculate that over 20-30 yr of a re-
duced gene dosage effect of IPF-1, the B cells may fail to func-
tion properly, resulting in relative insulin insufficiency and the
development of type 2 diabetes. The failure of B cell functions
could result from one or more mechanisms, such as failure to
adequately stimulate the expression of the insulin, glucokinase,
glucose transporter, or other 3 cell specific genes, or even fail-
ure to activate genes responsible for the neogenesis of B cells
required to maintain 3 cell mass in the face of programmed
loss of B cells by apoptosis (33). Questions remain as to the
identities of the relevant target genes in B cells regulated by
IPF-1.

It is worth noting that four of the five genes responsible for
the monogenic forms of MODY and early onset type 2 diabe-
tes encode transcription factors. Further, additional transcrip-
tion factors important in the development of the endocrine
pancreas have been identified by gene knockouts in mice (for
review see reference 34). One might speculate that mutations
in one or more of these genes may also be responsible for the
development of monogenic type 2 diabetes in other families.
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