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ABSTRACT Hepatocyte nuclear factor 4o (HNF4«) plays
a critical role in regulating the expression of many genes
essential for normal functioning of liver, gut, kidney, and
pancreatic islets. A nonsense mutation (Q268X) in exon 7 of
the HNF4« gene is responsible for an autosomal dominant,
early-onset form of non-insulin-dependent diabetes mellitus
(maturity-onset diabetes of the young; gene named MODY1).
Although this mutation is predicted to delete 187 C-terminal
amino acids of the HNF4« protein the molecular mechanism
by which it causes diabetes is unknown. To address this, we
first studied the functional properties of the MODY1 mutant
protein. We show that it has lost its transcriptional transac-
tivation activity, fails to dimerize and bind DNA, implying that
the MODY1 phenotype is because of a loss of HNF4« function.
The effect of loss of function on HNF4« target gene expression
was investigated further in embryonic stem cells, which are
amenable to genetic manipulation and can be induced to form
visceral endoderm. Because the visceral endoderm shares
many properties with the liver and pancreatic 3-cells, includ-
ing expression of genes for glucose transport and metabolism,
it offers an ideal system to investigate HNF4-dependent gene
regulation in glucose homeostasis. By exploiting this system
we have identified several genes encoding components of the
glucose-dependent insulin secretion pathway whose expres-
sion is dependent upon HNF4«. These include glucose trans-
porter 2, and the glycolytic enzymes aldolase B and glyceral-
dehyde-3-phosphate dehydrogenase, and liver pyruvate Ki-
nase. In addition we have found that expression of the fatty
acid binding proteins and cellular retinol binding protein also
are down-regulated in the absence of HNF4«. These data
provide direct evidence that HNF4« is critical for regulating
glucose transport and glycolysis and in doing so is crucial for
maintaining glucose homeostasis.

Hepatocyte nuclear factor 4o (HNF4«) belongs to the steroid/
thyroid hormone receptor superfamily of transcription factors
and first was identified by its interaction with a cis-regulatory
sequence of liver specific gene promoters (1). Like other
members of the family, HNF4« contains a zinc finger regions
and binds DNA as a dimer. The carboxyterminal region
contains a large hydrophobic domain (amino acids 133-373)
reminiscent of the dimerization and ligand binding domain of
other steroid hormone receptors (2). Although HNF4« dis-
plays significant sequence similarities to the mammalian reti-
noic-x receptor «, it does not heterodimerize with any of the
other nuclear receptors identified and exists as stable ho-
modimers in solution (3). Targeted disruption of the HNF4«
gene results in early embryonic death caused by dysfunction of

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked “advertisement” in
accordance with 18 U.S.C. §1734 solely to indicate this fact.

© 1997 by The National Academy of Sciences 0027-8424/97/9413209-6$2.00/0
PNAS is available online at http://www.pnas.org.

13209

the visceral endoderm (VE) in which it is expressed (4, 5). In
the adult HNF4a is located primarily in the liver, gut, kidney,
and pancreatic islets (1, 6). HNF4« interacts with regulatory
elements in promoters and enhancers of genes whose products
are involved in diverse function, including cholesterol, fatty
acid, amino acid, and glucose metabolism, as well as liver
development and differentiation (5, 7, 8). Furthermore it has
been demonstrated that HNF4« is critical for regulating
expression of numerous genes in vivo (9). We recently have
shown that a mutation in HNF4« can cause a form of
early-onset type 2 diabetes (maturity-onset diabetes of the
young; gene named MODYT) (10). The molecular mechanisms
by which mutations in HNF4« cause an autosomal dominant
form of type 2 diabetes are unknown. Clinical studies suggest
that MODY 1 is characterized by a defect in glucose-stimulated
insulin secretion, suggesting that abnormal gene expression in
the pancreatic B-cell is responsible for this disorder (11). The
present study was designed to determine the biological func-
tion of the MODY1 HNF4(Q268X) mutation and the effect on
the transactivation of downstream target genes. We demon-
strate that the mutant truncated HNF4« protein has lost its
transcriptional transactivation function and does not bind to
HNF4 binding sites in vivo. Furthermore, we show that loss of
function of HNF4«a leads to impaired expression of genes
involved in glucose transport and glycolysis, two steps known
to be important for glucose uptake from the enterohepatic
circulation into hepatocytes and for insulin secretion of pan-
creatic B-cells.

MATERIALS AND METHODS

Expression of Proteins and Immunoblot Analysis. cDNAs
for HNF4« and the deletion mutants cloned into Bluescript
were transcribed by using T3 RNA polymerase, and the
transcripts were translated in the rabbit reticulocyte lysate
TNT system (Promega) as described (12). The relative
amounts of the translated proteins were determined by SDS/
PAGE.

Electrophoretic Mobility-Shift Assay (EMSA). In vitro-
translated receptor protein was incubated with the 32P-labeled
oligonucleotide in a 15-ul reaction mixture containing 10 mM
Hepes buffer, 50 mM KCI, 1.0 mM DTT, 2.5 mM MgCl,, 10%
glycerol, and 1 ug of poly(dI-dC) at 25°C for 20 min. The
reaction mixture then was loaded on a 6% nondenaturing
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polyacrylamide gel containing 0.25X TBE buffer (0.023 M
Tris-borate 0.5 mM EDTA) and run at 4°C. Supershift analysis
was performed by incubating the reaction mix with antiserum
at room temperature for 20 min.

Tissue Culture, Transient Transfection, and Luciferase
Assay. Cos-7 and HepG2 cells were grown in DMEM supple-
mented with 10% and 15% fetal calf serum, respectively. A
modified calcium phosphate precipitation procedure was used
for transient transfections as described elsewhere (13). Lucif-
erase was normalized for transfection efficiency by the corre-
sponding B-galactosidase activity (13).

In Situ Hybridization. In situ hybridizations were performed
as described previously (5). Sense and antisense aldolase B
(aldoB) and HNF4a, [**P]-UTP-labeled RNA probes were
synthesized in vitro from plasmids pBS-aldoB and pa8-—41.
Probes were hybridized to paraffin sections of day 7 and 14 J1
embryonic stem (ES) cell aggregates and exposed to photo-
graphic emulsion for 14 days, before developing and counter-
staining with hematoxylin and eosin.

Growth and Differentiation of ES Cells in Vitro. ES cells
were maintained in ES cell medium supplemented with 1,000
units of leucemia inhibitory factor on a primary embryonic
fibroblast feeder layer as described (14). ES cells were induced
to differentiate to form embryoid bodies (EBs) in vitro by
growing them in tissue culture dishes in the absence of feeder
fibroblasts and leucemia inhibitory factor for the specified
duration.

Reverse Transcriptase-PCRs. Total RNA was extracted
from ES cells by using TRIzol reagent and following the
manufacturer’s instructions (GIBCO/BRL). Contaminating
genomic DNA was removed by using 1 ul of RNase-free
DNase-I (Boehringer)/10 pg total RNA. cDNA was synthe-
sized by using moloney murine leucemia virus-reverse tran-
scriptase with dNTPs and random hexamer primers (Strat-
agene). The cDNAs provided templates for PCRs by using
specific primers in the presence of dNTPs, [a-3?P]dCTP, and
Tag DNA polymerase. The primer sequences used are avail-
able upon request.

RESULTS

The MODY1 HNF4(Q268X) Is a Loss of Function Mutation.
The HNF4(Q268X) mutation found at the MODY1I locus was
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predicted to delete the carboxyl-terminal 187 amino acids of
HNF4« (10, 15). This raised the possibility that the truncated
mutant protein could act dominantly by affecting the function
of the endogenous wild-type HNF4«a or by exhibiting an
altered transactivation activity. We therefore compared the
DNA binding, dimerization, and transcriptional transactiva-
tion activities of mutant and wild-type HNF4« proteins.

HNF4a and the MODYI mutant (Q268X) as well as a
control dominant-negative mutant (E360X) were cloned into
the mammalian expression vector cytomegalovirus (CMV)-f3
(16). All three constructs were tagged with a FLAG epitope at
their respective C-termini to allow identification (17). The
various constructs were cotransfected into cos7 and HepG2
cells along with a reporter plasmid pZLHIV-Al-4, which
contains four HNF4 binding sites of the apolipoprotein Al
promotor upstream of the HIV-long terminal repeat basal
promotor and confers HNF4a responsiveness to a luciferase
reporter gene. The expression levels and integrity of the
wild-type HNF4« and its deletion mutants were found to be
similar by Western blot analysis (data not shown). Fig. 14
shows that the HNF4« deletion mutants did not activate the
transcription of the reporter gene, whereas the wild-type
HNF4« increased its expression by ~120-fold. To investigate
the possibility that the MODYI HNF4(Q268X) mutation acts
as a dominant-negative regulator, we cotransfected the dele-
tion mutants with wild-type HNF4« and the reporter plasmid
ApoAILHIV-Luc. No effect on transcriptional activity of wild-
type HNF4a was detected in cotransfections with increasing
amounts of the HNF4(Q268X) mutation (Fig. 1B). In contrast,
potent inhibition of wild-type activity was seen in cotransfec-
tions with the HNF4(E360X), which recently has been shown
to act as a dominant-negative regulator, most likely as a result
of heterodimerization with wild-type HNF4« (Figs. 1C and
2D) (18).

To determine if the loss of transcriptional activity was
caused by an inability to bind DNA, we compared the ability
of wild-type and mutant HNF4« proteins to interact with a
high-affinity HNF4 binding site (LF-Al) by EMSA analysis
(1). Wild-type and mutant proteins, epitope-tagged at their
C-termini, were produced in vitro by using the Promega TNT
transcription/translation system (Fig. 24). Fig. 2B shows that
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F1G. 1. Transient expression and transcriptional activity of HNF4« and the C-terminal deletion mutants (Q268X) and (E360X) in HepG2 cells.
(A) The reporter plasmid pZLHIV-A1-4 was cotransfected into HepG2 cells with CMV-LacZ plasmid and effector plasmids expressing HNF4«
and the indicated deletion mutants. Cells were harvested 48 hr later and assayed for luciferase and B-galactosidase activities. The average fold
inductions from two independent transfections done in duplicate and normalized to B-galactosidase activity are shown. (B and C) Cotransfections
as described for 4 but with a constant amount of vectors CMV-HNF4 and an increasing amount of CMV-HNF4(Q268X) (B) or CMV-

HNF4(E360X) (C) as indicated. Error bars indicate range.
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F1G. 2. Expression, DNA binding, and dimerization properties of
HNF4a and deletion mutant (Q268X). (4) SDS/PAGE analysis of in
vitro-translated wild-type HNF4a and mutant HNF4(Q268X), fol-
lowed by autoradiography. Numbers indicate molecular mass protein
markers in kDa. (B) EMSA analysis of DNA binding activity of in
vitro-translated HNF4« and deletion mutant (Q268X) (7Top) by using
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FiG. 3. VE-specific expression of HNF4« and aldoB. Morpholog-
ical section of HNF4+/+ EBs and in situ hybridization with antisense
RNA of HNF4a (B) and aldoB (D) probe. Phase contrast micrograph
of 5-um sections through 14 days ES cell EBs, stained with hematox-
ylin and eosin (4 and C), and the corresponding dark field on the right
(B and D). The cuboidal epithelium of the VE is identified by an arrow.

wild-type HNF4« binds strongly to DNA, whereas the mutant
HNF40(Q268X) has lost its DNA binding activity. Because
endogenous HNF4« is known to bind to DNA as a homodimer
(3) EMSA analysis was performed to detect any heterodimer
formation between wild-type and mutant proteins. Equal
molar amounts of in vitro translated HNF4a and
HNF4(Q268X) proteins were mixed and assayed for binding to
the probe. The only complex detected migrated with an
electrophoretic mobility identical to the wild-type HNF4«
homodimer (Fig. 2B). Furthermore, excess amounts of
HNF4(Q268X) protein did not reduce the DNA binding
activity of wild-type HNF4« homodimers (Fig. 2C). The
presence of HNF4« protein in the DNA binding complex was
confirmed by supershift analysis by using anti-HNF4 and
anti-Flag antibodies (Fig. 2B) (17). The inability of the
HNF4(Q268X) protein to interact with wild-type HNF4« also
was confirmed by coimmunoprecipitation experiments.
FLAG-tagged HNF4(Q268X) did not bind to wild-type [*S]-
methionine-labeled HNF4«, whereas both FLAG-tagged
HNF4 and HNF4(E360X) did (Fig. 2D). The lack of binding
activity, loss of transcriptional activation, and the inability to
heterodimerize with wild-type HNF4a in vivo strongly suggest
that the MODY1 HNF4(Q268X) mutation leads to a loss of
HNF4« function. This implies that a reduction in the amount
of HNF4a per se is responsible for the MODY]I phenotype.

the 32P-labeled double-stranded oligonucleotide LF-A1l as a probe.
Supershift analysis was carried out with a polyclonal anti-HNF4
antiserum, an anti-Flag mAb, or an anti-STAT-2 control antiserum.
(C) EMSA analysis of DNA binding activity of in vitro-translated
wild-type HNF4« with increasing amounts of HNF4(Q268X) protein.
(D) Both in vitro-translated wild-type HNF4 and HNF4(E360X), but
not HNF4(Q268X), dimerize with HNF4. FLAG-tagged
HNF4(Q268X), HNF4(E360X), or wild-type HNF4a bound to a
anti-FLAG mAb attached to agarose was incubated with [33S]-
methionine-labeled HNF4« protein. Immunoprecipitates were run on
a 10% SDS/PAGE and bound HNF4« was detected by autoradiog-
raphy. Each reaction was performed in buffers containing 100 and 200
mM NaCl, respectively (32). (C) 3>S-methionine-labeled HNF4a.
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Loss of Function of HNF4« Leads to Impaired Expression
of Genes Involved in Glucose Transport and Glycolysis. The
molecular mechanisms by which a reduction of HNF4« activity
results in an autosomal dominant form of type 2 diabetes are
unknown. Glucose-stimulated insulin secretion (11) is im-
paired in MODY 1 patients, suggesting that gene regulation in
the pancreatic B-cell is responsible for their hyperglycemia.
HNF4a null mice die during development before formation of
the pancreas and so cannot be used to identify HNF4-
regulated genes in the pancreatic B-cells (4). However, the VE,
which expresses HNF4« (ref. 5; Fig. 3 4 and B), displays many
characteristics of both the liver and endocrine pancreas and
can be used to analyze HNF4« regulated gene expression (9).
When ES cells are grown in suspension in the absence of
lymphocyte inhibitory factor they differentiate to form EBs,
which contain VE (Fig. 3, arrow). Moreover the VE expresses
many genes that regulate glucose metabolism, including glu-
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FiG. 4. HNF4 regulates gene expression of genes involved in
glucose transport and glucose metabolism in vitro and in vivo. (A)
HNF4+/+ (J1), HNF4 +/— (2-69 and B16), and HNF4— /— (A8, B9,
B13) ES-cell EBs were assayed for the presence of mRNAs derived
from genes encoding glucose transporters, enzymes of glycolysis, and
intracellular storage proteins. (B) Steady-state mRNA levels of
HNF4a« target genes were measured in E8.5 HNF4+ and HNF4—/—
embryos by reverse transcriptase-PCR. Because HNF4—/— embryos
have a block in gastrulation, a greater proportion of the starting
material in HNF4—/— embryos is VE tissue, as confirmed by the
greater levels of Gata-4 mRNA.
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cose transporter 2 (GLUT2) and aldoB (refs. 12, 19, and 20;
Fig. 3 C and D). Because ES cells are amenable to genetic
manipulation this allowed us to test if loss of function of
HNF4« leads to an impairment of gene expression of key
components of the glucose-stimulated insulin secretion signal-
ing pathway in vitro. Gene expression in differentiated wild-
type, heterozygous. and null HNF4a (HNF4 +/+, +/—,
—/—) EBs was assayed by reverse transcriptase—PCR (9).
Each sample used similar amounts of mRNA as shown by the
equal amplification of hypoxanthine phosphoribosyltrans-
ferase (HPRT) mRNA. EBs produced from the HNF4« null
ES cell lines, A8, B9 and B13, did not express HNF4a mRNA
(Fig. 44). Steady-state mRNA levels of VE markers Gata-4
(21) and vHNF-1 also were measured to demonstrate that each
EB preparation had similar amounts of VE (Fig. 44; data not
shown). To identify downstream target genes of HNF4a we
studied the expression of 60 genes that are known to have
essential functions in insulin secretion in the pancreatic islet
and glucose metabolism in the liver. Genes tested in the
expression screen included glucose transporters, enzymes of
glucose and fatty acid metabolism, intracellular storage pro-
teins, ion channels, and G-protein coupled receptors of the
seven transmembrane spanning superfamily. Analysis of gene
expression that gave the most striking results are shown in Fig.
4. Four genes involved in glucose transport and metabolism,
glucose transporter 2 (GLUT2), aldoB, glyceraldehyde-3-
phosphate dehydrogenase (1,3 BGD), and liver pyruvate ki-
nase (L-PK) were significantly reduced or absent. In addition,
the liver and intestinal specific fatty acid binding proteins
(FABP-L, FABP-I), and the cellular retinol binding protein 2
(CREBII) also were down-regulated relative to HNF4 +/+ or
+/— EBs. To determine if the dysregulation of these genes in
the absence of HNF4« in EBs also holds true in vivo, we
collected E.8.5 embryos from crosses of HNF4+ /— mice and
assayed VE gene expression in normal or HNF4 mutant mice.
Again, HPRT expression showed that equivalent amounts of
starting material were used in each sample. Gata-4 mRNA
levels were found at higher levels in HNF4—/— embryos than
in embryos expressing HNF4q, reflecting the fact that the ratio
of VE cells to cells of other embryonic lineages is greater in
HNF4—/— embryos as has been described previously (4, 9).
Expression analyses of target genes in HNF4a-deficient em-
bryos confirmed the results obtained from the ES cell lines and
suggests that down-regulation of these genes in vivo may be
even more dramatic than in vitro (Fig. 4B).

Cell line R1 A8
Genotype HNF4+/ + HNF4-/ -
Glucose 1 5101520({1 5 1015 20

(mmol/L)

* HPRT

GATA-4

ALDO-B

L-PK

F1G. 5. Gene regulation in the VE is glucose responsive. Steady-
state mRNA levels of HPRT, Gata-4, aldoB, and L-PK of wild-type
(R1) and HNF4—/— (A8) EBs, cultured for 6 hr in medium containing
1, 5, 10, 15 or 20 mmol/liter of glucose.
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Expression of Genes Encoding Glycolytic Enzymes in the
VE Is Glucose Responsive. Hormones and dietary factors, such
as glucose, play an important role in aldoB and L-PK gene
expression in the liver. We have shown that the VE is a
powerful system to study gene regulation of metabolic en-
zymes. To test if gene regulation in the VE also is modulated
by glucose, we incubated EBs of HNF4+/+ and HNF4—/—
cells in increasing concentrations of glucose for 6 hr. Steady-
state mRNA levels were assayed for HPRT, Gata-4, aldoB, and
L-PK. Gene expression of aldoB and L-PK was induced by high
glucose concentrations in the culture medium, whereas ex-
pression of HPRT and Gata-4 was unchanged. As before, L-PK
and aldoB gene expression was significantly reduced in the
absence of HNF4a regardless of glucose concentrations (Fig.
5). These data show that gene transcription of aldoB and L-PK
in the VE is physiological and can be modulated by nutrient
supply analogous to what has been described in the adult liver
(22).

DISCUSSION

Genetic studies have shown that mutations in HNF4« result in
an autosomal dominant form of non-insulin-dependent dia-
betes mellitus characterized by a defect in glucose-stimulated
insulin release. The mechanism by which a nonsense mutation
in HNF4q, which results in the synthesis of a protein of 267
amino acids with an intact DNA-binding domain but a trun-
cated dimerization and putative ligand domain, causes pan-
creatic B-cell dysfunction is not known. HNF4«a exists as a
homodimer in solution and can bind to its recognition site only
after dimerization. To study if the HNF4a mutation causes
diabetes by a loss-of-function or a dominant-negative mecha-
nism, we expressed mutant and wild-type HNF4« and studied
DNA binding and transcriptional activation of these proteins.
Our results show that the mutant HNF4« protein, although
stable, does not bind to HNF4 binding sites as a homodimer or
heterodimer. Furthermore, the mutant protein exhibits no
transcriptional transactivation activity and does not interact
with the wild-type HNF4« in a dominant-negative fashion. We
therefore conclude that the HNF4(Q268X) mutation is likely
to result in a complete loss of function.

The loss of function of the mutant MODY1 HNF4 protein
implies that a haploinsufficiency of HNF4« results in de-
creased expression of essential genes of pancreatic islet and
liver function. The secretion of insulin is controlled by the rate
of glucose entry into the B-cells and the rate of glucose
metabolism of which glycolysis represents the major pathway
in pancreatic B-cells (23, 24). In contrast to humans,
HNF4+/— mice show no signs of diabetes and exhibit normal
glucose tolerance (M.S., unpublished work). Furthermore, the
embryonic lethality associated with HNF4—/— embryos pre-
vented an analysis of HNF4« regulation of liver and pancreatic
B-cell function. However, we have demonstrated that the VE
provides a physiological system for the genetic dissection of
metabolic pathways. By using this we identified four genes
acting on different levels in the insulin secretion signaling
pathway that are down-regulated in the absence of HNF4a.
The mechanisms by which HNF4« regulates expression of
these genes are unknown but are likely to be both direct and
indirect. Some of these genes are known to contain HNF4«
binding sites and therefore may be directly regulated by
HNF4« (e.g., L-PK) (2, 25). It has been postulated that HNF4«
may mediate its regulation through a transcriptional cascade
involving HNFla (26-28), however, we have found that
HNF1a mRNA levels are at most only moderately affected by
the complete absence of HNF4«. Our data also suggests that
the defect in transcriptional activation in MODY1 patients is
not mediated entirely through HNF1la because it has been
reported that aldoB expression is not altered in the absence of
HNFla (29). Moreover, we did not detect transcriptional
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down-regulation of genes known to contain HNFla binding
sites such as the sodium/glucose cotransporter of the kidney
and phenylalanine-hydroxylase (30).

In summary, we have shown that HNF4« regulates the
transcription of genes involved in glucose entry and glycolysis
in the VE cells both in vitro and in vivo. This pathway has been
shown to be impaired in another form of early-onset type 2
diabetes (MODY?2), which has mutations in the enzyme en-
coded by the glucokinase gene (31). Glycolytic flux in pan-
creatic B-cells constitutes the major pathway for the generation
of metabolic signals that determine insulin secretion. Our data
indicate that HNF4« is a pleiotropic regulator of the glycolytic
pathway and glucose transport that offers a pathomolecular
mechanism for the development of MODY1. Moreover, the
availability of HNF4—/— VE allows the identification of
additional HNF4«a regulated-genes that may have important
roles in diabetes. Identified genes can be tested in the future
in islet cells and hepatocytes in vivo once suitable animal
models such as tissue-specific knockout mice have been de-
veloped.
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