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Abstract
Hepatocyte nuclear factor-4 (HNF4), a member of the nuclear receptor superfamily, plays an
important role in tissue-specific gene expression, including genes involved in hepatic glucose
metabolism. In this study, we show that SRC-1 and GRIP1, which act as coactivators for various
nuclear receptors, associate with HNF4 in vivo and enhance its transactivation potential. The AF-2
domain of HNF4 is required for this interaction and for the potentiation of transcriptional activity
by these co-activators. p300 can also serve as a coactivator with HNF4, and it synergizes with
SRC-1 to further augment the activity of HNF4. HNF4 is also a key regulator of the expression of
hepatocyte nuclear factor-1 (HNF1). The overexpression of SRC-1 or GRIP1 enhances expression
from a HNF1 gene promoter-reporter in HepG2 hepatoma cells, and this requires an intact HNF4-
binding site in the HNF1 gene promoter. Type 1 maturity onset diabetes of young (MODY), which
is characterized by abnormal glucose-mediated insulin secretion, is caused by mutations of the
HNF4 gene. A mutation of the HNF4-binding site in the HNF1 gene promoter has also been
associated with MODY. Thus, HNF4 is involved in the regulation of glucose homeostasis at
several levels and along with the SRC-1, GRIP1, and p300 may play an important role in the
pathophysiology of non-insulin-dependent diabetes mellitus.

Hepatocyte nuclear factor-41 (HNF4),2 a member of the nuclear receptor superfamily, is
primarily expressed in liver, gut, kidney, and pancreas (1). Fatty acyl-CoA thioesters have
recently been identified as ligands of HNF4 (2), a finding of considerable interest in view of
the critical role HNF4 plays in the expression of genes important in a number of metabolic
pathways (1). For example, HNF4 serves as an accessory factor for the glucocorticoid-
mediated induction of the phosphoenolpyruvate carboxykinase gene and is necessary for the
glucose-mediated increase of liver-type pyruvate kinase gene transcription (3–5). HNF4 also
plays an essential role in embryonic development. Disruption of the HNF4 gene in mice
results in an embryonic lethal phenotype characterized by a failure of the visceral endoderm
to differentiate (6). Furthermore, HNF4 plays a critical role in the regulation of several liver
genes. It also stimulates the expression of another liver-enriched transcription factor, HNF1,
which itself is required for the expression of several liver genes (7, 8).
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Maturity onset diabetes of young (MODY) is a rare form of non-insulin-dependent diabetes
mellitus (NIDDM) characterized by defective secretion of insulin. It is inherited in an
autosomal dominant pattern. Mutations of the HNF4 and HNF1 genes are directly associated
with MODY types 1 and 3, respectively (9, 10), and a mutation that disrupts the HNF4-
binding site on the HNF1 gene promoter has been reported in an Italian MODY family (11).
Thus, through their effects in liver and beta cells, HNF4 and HNF1 have central roles in
glucose homeostasis.

In this study we tested whether the transcriptional activity of HNF4 requires an interaction
with a coregulator molecule. HNF4 contains two transactivation domains, designated AF-1
and AF-2. AF-1 is located in the first 24 amino acids of the N-terminal region of the protein,
whereas AF-2 extends from amino acids 128 to 370 (12). Several coactivators, including
CBP/p300, SRC-1, and members of the SRC-1-related family such as GRIP1/TIF2 or
ACTR/RAC3/P/CIP interact with the AF-2 domains of other members of the nuclear
receptor super-family and augment their transactivation potential (13–20). A physical and
functional interaction between CBP and HNF4 has been recently reported (21). We show
that SRC-1 and GRIP1 directly associate with the AF-2 domain of HNF4 in vivo and that
these coactivators potentiate the transcriptional activity of HNF4. Furthermore,
overexpression of SRC-1 or GRIP1 in HepG2 hepatoma cells enhances HNF1 gene
expression, and this effect is dependent on the presence of an HNF4-binding site in the
promoter. We propose that HNF4-coactivator interactions play a critical role in the
regulation of glucose homeostasis and thus could be of importance in the pathophysiology of
NIDDM.

EXPERIMENTAL PROCEDURES
Plasmid Construction

The expression plasmids that encode the GAL4 DNA-binding domain-HNF4 fusion proteins
were generated by subcloning PCR-amplified DNA fragments into the simian virus 40
(SV40) promoter-enhancer-driven GAL4 expression plasmid, pSG424 (22). The HNF4
cDNA was provided by Dr. Frances Sladek (University of California at Riverside). Briefly,
the nucleotide sequences of rat HNF4 corresponding to amino acids 1–374, 1–360, and 128–
374 were amplified by the PCR, so that the fragments contained BamHI and KpnI sites at the
59- and 39-ends, respectively. These distinct PCR fragments were then digested and
subcloned into the BamHI-KpnI site of pSG424. The reporter plasmid (GAL4)5E1bLuc was
provided by Dr. Kazuya Yamada (Fukui Medical University, Japan) and was constructed by
taking the BamHI/XhoI fragment from (GAL4)5E1bCAT (23), making it blunt-ended using
the Klenow reaction, and subcloning this into the SmaI site of the pGL3 vector. The
expression plasmids that encode p300 and GRIP1 have been previously described (24, 25)
and were obtained from Dr. David Livingston (Dana Farber Institute, Boston) and Dr.
Michael Stallcup (University of Southern California, Los Angeles), respectively. The SRC-1
expression plasmid was provided by Dr. Ming-Jer Tsai (Baylor Collage of Medicine). The
HNF1 gene promoter reporter plasmids were provided by Dr. Naoyuki Miura (Akita
University, Japan) and have been previously described (8).

The yeast expression plasmids encoding the GAL4-HNF4 chimeric proteins (called pGBT9-
HNF4(128–374) and pGBT9-HNF4(128–360)) were generated by the subcloning of EcoRI-
BamHI PCR-amplified DNA fragments into the pGBT9 plasmid (CLONTECH). The yeast
expression vectors that encode fusion proteins of the GAL4 AD and full-length GRIP1 and
SRC-1 (called pGAD424 GRIP1/FL and pGAD424 SRC-1) were described previously (24).
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Cell Culture, Transient Transfection, and Luciferase Assays
The transient transfection and maintenance of HepG2 and HeLa cells have been described
previously (24, 25). Luciferase activity was measured by the dual luciferase kit (Promega).

Yeast Two-hybrid Assays
Protein-protein interaction assays were performed using the Matchmaker yeast two-hybrid
system (CLONTECH). A yeast plasmid, pGBT9-HNF4(128–374) or pGBT9-HNF4(128–
360), was transformed into the yeast strain SFY526, and transformants were selected on
synthetic dropout medium lacking Trp. Yeast plasmids, pGAD424 GRIP1/FL and
pGAD424 SRC-1, were then transformed into the yeast strain SFY526 that contained either
pGBT9-HNF4(128–374) or pGBT9-HNF4(128–360). The transformants were selected on
synthetic dropout medium lacking Leu and Trp. The colonies that grew in these selection
media were subjected to colony filter assays, as described in the technical manual of the
Matchmaker yeast two-hybrid system (CLONTECH).

RESULTS
The GAL4 system, previously used to identify the transactivation domains of HNF4 (12),
was used to determine whether SRC-1 and GRIP1 function as coactivators with HNF4.
Expression plasmids that encode either SRC-1 or GRIP1 were cotransfected into HepG2
hepatoma cells with plasmids that encode the GAL4-HNF4 fusion proteins described under
“Experimental Procedures” and with a reporter gene, (GAL4)5E1bLuc, that contains five
copies of the GAL4-binding site. The activity of each GAL4-HNF4 chimeric protein was
measured relative to that of the GAL4-DBD. Overexpression of SRC-1 and GRIP1 did not
augment the transcriptional activity provided by GAL4-DBD in this system (Fig. 1, A and
B). As noted previously, GAL4-HNF4(1–374) and GAL4-HNF4(128–374) both possess a
strong transactivation function, whereas GAL4-HNF4(1–360), because of the absence of the
AF-2 domain, is a weaker trans-activator (Fig. 1A and Ref. 12). The transcriptional activity
of GAL4-HNF4(1–374), which contains both the AF-1 and AF-2 activation domains but
lacks the C-terminal repression domain, is increased about 3-fold by overexpression of
SRC-1 (Fig. 1A). The transcriptional activity of GAL4-HNF4(128–374), which contains
only the AF-2 activation domain, was also augmented about 3-fold by overexpression of
SRC-1 (Fig. 1A). In contrast, the transcriptional activity of GAL4-HNF4(1–360), which
contains the AF-1 domain but lacks the AF-2 domain, was not influenced by the
overexpression of SRC-1 (Fig. 1A). Overexpression of GRIP1 also increased the
transcriptional activity of GAL4-HNF4(1–374) and GAL4-HNF4(128–374) but had no
effect on that of GAL4-HNF4(1–360) (Fig. 1A). The effect of SRC-1 is consistently greater
than that of GRIP-1, although significantly so only in the case of GAL4-HNF4(1– 374).
These results show that both SRC-1 and GRIP1 can act as coactivators with HNF4 and that
these effects are dependent on the presence of the AF-2 domain in HNF4.

We next tested the ability of SRC-1 and GRIP1 to potentiate the transcriptional activities of
these three GAL4-HNF4 fusion proteins in HeLa cells to determine whether this
phenomenon is cell type-specific. SRC-1 and GRIP1 both increased the trans-activation
function of GAL4-HNF4(1–374) and GAL4-HNF4(128–374) but had no effect on that of
GAL4-HNF4(1–360) (Fig. 1B). Thus, the effect of SRC-1 and GRIP1 on the transcriptional
activity of HNF4 is not cell type-specific. SRC-1 was again a more potent coactivator than
GRIP-1. These differences could be because of the different expression levels of these two
coactivators in the cells or could reflect a difference in the strength of the interactions.

The yeast two-hybrid assay was used to test for an in vivo interaction between HNF4 and
either SRC-1 or GRIP1. The expression of the GAL4-HNF4(128–374) or the GAL4-
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HNF4(128–360) fusion proteins in yeast cells failed to activate reporter gene activity (β-
galactosidase, data not shown). Thus, neither of these chimeric proteins possesses
transcriptional activity in yeast. β-Galactosidase activity was also not observed when a
plasmid (pGAD424) that encodes the GAL4 AD was coexpressed with either of the GAL4-
HNF4 fusion proteins (data not shown). However, β-galactosidase activity was strongly
induced when a chimeric protein that contained the GAL4 AD and SRC-1 or GRIP1 was
coexpressed with GAL4-HNF4(128–374) (Fig. 2). In colony filter assays, yeast that
contained the GAL4 AD and SRC-1 fusion protein and GAL4-HNF4(128–374) turned blue
30 min after initiation of the reaction (Fig. 2A). In contrast, yeast that contained the GAL4
AD-GRIP1 fusion protein and GAL4-HNF4(128–374) turned blue 4 h after initiation of the
assay (Fig. 2B). Thus, the interaction between SRC-1 and HNF4 is stronger than between
GRIP1 and HNF4. Coexpression of the GAL4 AD-SRC-1 or GAL4 AD-GRIP1 fusion
proteins with GAL4-HNF4(128–360) did not induce β-galactosidase activity (Fig. 2, C and
D). These results suggest that SRC-1 and GRIP1 both interact with HNF4 and that these
interactions are dependent on the presence of the AF-2 domain of HNF4. These results are
consonant with the functional results shown in Fig. 1.

CBP is known to associate with HNF4, and it potentiates the activity of a reporter construct
that contains multiple HNF4-binding sites (21). We therefore tested whether p300, another
member of the CBP coactivator family, potentiates the transcriptional activity of GAL4-
HNF4 chimeric proteins. Overexpression of p300 in HeLa cells does enhance the activity of
GAL4-HNF4(128–374) but not that of GAL4-HNF4(1–360) (Fig. 3). Thus, coactivation of
HNF4 by p300 also requires an intact AF-2 domain. The transcriptional activity of GAL4-
HNF4(128–374) was further enhanced when both p300 and SRC-1 were overexpressed in
HeLa cells (Fig. 3), as has been reported in the analysis of other nuclear receptors (20, 28).

HNF4 binds to its cognate DNA element in the HNF1 gene promoter and enhances
transcription through this interaction (7, 8). The coexpression of SRC-1 or GRIP1 should
enhance expression from the HNF1 promoter if the HNF4-coregulator interaction is
functionally important. In fact, the overexpression of SRC-1 in HepG2 hepatoma cells
increased HNF1 gene promoter activity by about 3-fold (Fig. 4). Overexpression of GRIP1
was slightly less effective (Fig. 4). Deletion of the HNF4-binding site in the HNF1 promoter
(HNF4ΔA) resulted in a 90% reduction of expression, as expected (8), and the
overexpression of either SRC-1 or GRIP1 was without effect when a construct containing
this element was used as the promoter in the reporter system (Fig. 4).

DISCUSSION
The transcription factor HNF4, a member of the nuclear receptor superfamily, is important
for tissue-specific gene expression, including several genes involved in hepatic glucose
metabolism (1). We now show that both SRC-1 and GRIP1 interact with HNF4 (Fig. 2) and
potentiate its transcriptional activity (Fig. 1). Both are presumably active in vivo, and given
the high degree of homology between SRC-1, GRIP1, and other SRC-1-related coactivators
such as RAC3, ACTR, and P/CIP, it is possible that these proteins can also function as
coactivators for HNF4. It is not known why most tissues express all these coactivators, but
they could have selective actions. For example, SRC-1 has been implicated in the action of
androgens. The expression of GRIP1 is increased about 2-fold in knockout mice that lack
the SRC-1 gene, apparently in compensation for the loss of SRC-1, but these mice still
display a partial resistance to the action of androgens (29). These coactivators are thus not
completely interchangeable. It is possible that specific coactivators, or different ratios of
various of these proteins in cells, result in selective interaction with nuclear receptors,
including HNF4.
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CBP/p300 serves as a coactivator with most members of the nuclear hormone receptor
family (13, 17, 30–32). As shown in this paper, p300 enhances the transactivation function
of GAL4-HNF4(128–374). This coactivation effect is dependent on an intact AF-2 domain,
which is also required for the interaction of SRC-1 and GRIP1 with HNF4. In addition, p300
acts synergistically with SRC-1 or GRIP1 to further enhance the transcriptional activity of
HNF4. A similar phenomenon has been observed with other nuclear receptors (20, 28).
Recent studies suggest that transactivation by nuclear receptors requires the formation of a
complex with coactivators (32–34). These coactivator complexes can contain SRC-1/GRIP1,
p300/CBP, and other coactivators such as P/CAF (34, 35). SRC-1 and GRIP1 have both
been shown to directly associate with CBP/p300 (13, 34–36). Moreover, many of these
proteins possess histone acetyltransferase activity (34, 37–39). The histone acetylase activity
of P/CAF is required for the retinoic acid-mediated induction of gene transcription (34, 40).
A two-step model that first requires chromatin remodeling by histone acetylation and then
an interaction with the general transcription apparatus has been proposed to explain how this
coactivator complex mediates the transactivation of nuclear receptors (32). It is possible that
a similar mechanism is required for the action of HNF4, which serves as an accessory factor
in the glucocorticoid response unit of the phosphoenolpyruvate carboxykinase gene (5).

HNF4 appears to have a pleiotropic effect on the regulation of glucose homeostasis. The
mechanism of HNF4 gene mutations in the pathophysiology of MODY (type 1) has not been
established, but it is of interest to note that HNF4 is required for expression of HNF1,
another MODY gene (type 3) (7–9). Indeed, at least one MODY pedigree is because of a
mutation of the HNF4-binding site in the HNF1 gene promoter. The common denominator
of MODY type 1 and 3 may be the loss of HNF1 gene function. In this regard, it may be
noteworthy that we found that overexpression of both SRC-1 and GRIP1 increases the
activity of the HNF1 gene promoter, and a mutation of the HNF4 DNA-binding site in this
promoter disrupts this effect.

In addition to its apparent role in insulin secretion (10) and a demonstrated role in the
regulation of hepatic gene expression (1), HNF4 also regulates the expression of other genes
(e.g. glucose transporter 2 (Glut 2), aldolase B, and pyruvate kinase that are involved in
glucose transport and glucose metabolism in embryonic stem cells and in embryos (41)).
The observation that fatty acyl-CoA thioesters are HNF4 ligands (2) provides support for the
connection between HNF4 and glucose homeostasis because fatty acids affect the regulation
of glucose metabolism by decreasing peripheral glucose utilization, increasing hepatic
gluconeogenesis, and influencing insulin secretion and pancreatic β cell hyperplasia (42–44).
Ligands affect the binding of nuclear receptors to target DNA sequences but also influence
the interactions of these receptors with coactivators or corepressors (34, 45). This
phenomenon, along with the potential role of these coactivators in NIDDM, is an interesting
area for future investigation.
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Fig. 1. SRC-1 and GRIP1 potentiate the activity of GAL4-HNF4 fusion proteins
A, expression plasmids that encode SRC-1 or GRIP1 (5 μg) and GAL4-HNF4 fusion
proteins (0.5 μg) were cotransfected into HepG2 cells along with the reporter construct
(GAL4)5E1bLuc (2.5 μg). The transcriptional activity of each GAL4-HNF4 fusion protein is
expressed as the -fold increase relative to the activity of the GAL4-DBD. The additional
increase of activity provided by SRC-1 or GRIP1 is presented relative to the activity of the
GAL4-HNF4 fusion proteins obtained when equal amounts of DNA from the control vectors
were transfected. These results represent the mean ± S.E. of at least three experiments. B,
expression plasmids that encode SRC-1 or GRIP1 (10 μg) and the GAL4-HNF4 fusion
proteins (2 μg) were cotransfected into HeLa cells with (GAL4)5E1bLuc (2 μg). The data
are presented as described above.
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Fig. 2. In vivo protein-protein interactions between GAL4-HNF4 chimeric proteins and SRC-1 or
GRIP1
Yeast cells were co-transformed with combinations of the yeast plasmids, pGBT9-
HNF4(128–374), pGBT9-HNF4(128–360), pGAD424 GRIP1/FL, or pGAD424 SRC-1, as
indicated, and were grown on synthetic dropout plates lacking Leu and Trp. Yeast colonies
were then subjected to a colony filter assay for β-galactosidase activity. Yeast cells that
contained pGBT9-HNF4(128–374) and pGAD424-SRC-1 turned dark blue 30 min after the
reaction was initiated (A). Yeast cells that contained pGBT9-HNF4(128–374) and
pGAD424-GRIP1 turned blue 4 h after the reaction was initiated (B). In liquid β-
galactosidase activity assays, yeast that contain the GAL4 AD-SRC-1 fusion protein and
GAL4-HNF4(128–374) showed stronger activity than yeast that contain the GAL4 AD-
GRIP1 fusion protein and GAL4-HNF4(128–374) (data not shown).
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Fig. 3. SRC-1 and p300 act synergistically to increase the activity of GAL4-HNF4(128–374)
Expression plasmids that encode p300 (10 μg), SRC-1 (10 μg), and GAL4-HNF4 fusion
proteins (4 μg) were cotransfected into HeLa cells with the (GAL4)5E1bLuc reporter
construct (2 μg). The data are expressed as the -fold induction relative to the activity of the
GAL4-HNF4 fusion proteins in cells in which equal amounts of control vectors were
transfected. These results represent the mean ± S.E. of at least three experiments. Hatched
bars, p300; white bars, SRC-1; black bsrs, p300 + SRC-1.
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Fig. 4. SRC-1 and GRIP1 potentiate transactivation through the HNF1 gene promoter
Expression plasmids that encode SRC-1 (20 μg) or GRIP1 (5 μg) and a reporter construct
that contains either the wild type HNF1 gene promoter (2.5 μg) or the promoter that lacks a
functional HNF4-binding site (ΔA) (8) were cotransfected into HepG2 cells. Results are
presented relative to wild type HNF1 promoter activity in the absence of cotransfection of
either SRC-1 or GRIP1 (100%). These results represent the mean ± S.E. of at least three
experiments.
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