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We identified a human hypoxic signal transduction pathway acting through a signature
motif in the carboxyl terminal of hepatocyte nuclear factor 4 (HNF-4), by functional
comparison of the transcriptional and protein-protein interaction activities of the wild
type and mutants. It was previously shown that HNF-4 functions as a tissue-specific and
hypoxia-activated transcription factor for the erythropoietin (Epo) gene. Human HNF-4
(465 amino acid residues) has DNA-binding, ligand-binding, and transactivation
domains. The deletion mutant without the carboxyl terminal transactivation domain
(amino acids 369-465) has been shown to be a dominant-negative mutant that repressed
Epo transcriptional activity in hypoxia. Further characterization of the hypoxia-respon-
sive domain by site-directed mutagenesis indicated that a TKQE motif of the carboxyl
terminal (amino acids 460-463) in HNF-4 was essential for hypoxia-inducible Epo gene
expression. We also found, by means of immunoprecipitation and a mammalian two-
hybrid system, direct interactions between HNF-4 and hypoxia-inducible factor 1 (HEF-
1), a heterodimer composed of a and p subunits. HNF-4 was observed to interact with
HIF-la and HIF-ip (arylhydrocarbon receptor nuclear translocator, ARNT) during
hypoxia. In addition, the TKQE motif of HNF-4 was essential for protein-protein interac-
tions with HIF-la and ARNT. These results indicate that the human hypoxic signal of
HlF-l is transduced through interactions with the signature TKQE motif of the carboxyl
terminal of HNF-4, resulting in Epo gene expression as a response to hypoxia.
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Oxidative phosphorylation is an essential process for hu- tively but express lactate dehydrogenase in an oxygen-de-
man life. Equally important is the body's ability to sense pendent manner (6). The molecular basis for oxygen sens-
and respond to hypoxic stress, in order that oxygen homeo- ing and the role of Epo gene expression in this process are
stasis is accurately maintained. Central to maintenance of complicated and have not yet been clarified,
this homeostasis is the control of the red blood cell level in The human and mouse Epo genes have been cloned and
the body, as these cells transport oxygen from the lungs to sequenced (7-11), which revealed highly conserved coding
peripheral tissues. Erythropoiesis is regulated by erythro- regions. The 0.2 kb 5'-flanking region, upstream of the
poietin (Epo), a glycoprotein with a molecular mass of transcription initiation site, is also highly homologous (10,
about 34 kDa (1). Epo gene expression is observed in both 11). This region is the Epo promoter that is repressed dur-
the kidneys and liver in response to hypoxia (2—4). Hypoxia ing normoxia and activated during hypoxia (12, 13). Sev-
also activates expression of the Epo gene in human eral kinds of Epo promoter-binding proteins have been pre-
hepatoma-derived cell lines Hep3B and HepG2 (5). How- viously analyzed (14-16). Among them was the highly char-
ever, embryonic carcinoma P19 cells produce Epo constitu- acterized transcription factor hepatocyte nuclear factor 4

(HNF-4) (16). HNF-4 is a liver- and kidney-specific tran-
1 This work was supported by grants to T. T. from the Ministry of SCliption factor (17-21), which binds (T/OGACCC motifs in
Education, Science, and Culture of Japan. It was also carried out as the Epo promoter (26).
a part of the "Ground-based Research Announcement for Space Uti- The 0.2 kb 3'-flanking region downstream of the poly(A)
lization" promoted by the Japan Space Forum. a d d i t i o n ^ i g ^ m m h o m o l o g o u s . T ^ regiOn is the
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 EP° enhancer that is activated durmg hypoxia (16, 22). The
Abbreviations: Epo, erythropoietin; HIF-1, hypoxia-inducible factor CIS-regulatory elements in the Epo enhancer are the
1; ARNT, arylhydrocarbon receptor (AhR) nuclear translocator; TACGTG motif, for binding of hypoxia-inducible factor 1
HNF-4, hepatocyte nuclear factor 4; PAS, PER-AhR/ARNT-SIM; (HIF-1) (23), and the (T/OGACCT motifs for HNF-4 bind-
PCR, polymerase chain reaction; D-MEM, Dulbecco's modified ing (16).
Eagle's medium; PBS, phosphate-buffered saline; RLUs, relative Transcription factor HIF-1 is a heterodimer composed of
light units; PMSF phenylmethylsulfonyl fluoride; GST glutathione d s u b u n i t s fflF.lp i s a l s o ]mQwn a s ^Ihydrocarbon
S-transferase; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide / , . , „ . . ^ , . , , . m ™ v , „ . , -n ,,
gel electrophoresis receptor (AhR) nuclear translocator (ARNT) (24). Both

HIF-la and ARNT have basic-helix-loop-helix and PAS
©2002 by The Japanese Biochemical Society. (PER-AhR/ARNT-SIM) domains. Transcription factor HNF-
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4 is a homodimer (17).
There are nineteen bases between the binding sites for

HIF-1 and HNF-4, suggesting interactions between HIF-1
and HNF-4. Indeed, double disruption of these binding
sites resulted in little response to hypoxia (25). This
strongly suggested that HIF-1 and HNF-4 play a synergis-
tic role in Epo gene expression during hypoxia. It had also
been found that HNF-4 interacts with ARNT during both
normoxia and hypoxia, and with HIF-la during hypoxia.
Analysis of a series of deletion mutants indicated that the
carboxyl terminal transactivation domain of HNF-4 inter-
acts with the PAS domains of HIF-la and ARNT (25).

We had shown that HNF-4 functions as a tissue-specific
and hypoxia-activated transcription factor for Epo gene
expression (16, 25). The deletion mutant without the car-
boxyl terminal transactivation domain was a dominant-
negative mutant that repressed Epo transcriptional activ-
ity. In this study, further characterization of the hypoxia-
responsive domain of HNF-4 by site-directed mutagenesis
reveals a signature motif of HNF-4. We also show direct
interactions of the signature motif of HNF-4 with HIF-la
and ARNT. These interactions are shown to be essential for
oxygen-dependent Epo gene expression.

METERIALS AND METHODS

Plasmid Construction—The human Epo promoter region
(Apal-Eco52l, 0.2 kb) was cloned from genomic DNA (9)
into pUC19. The Epo promoter region was inserted up-
stream (Hindlll site) of the luciferase cDNA (26) and the
resultant plasmid was named pEpoPA-Luc (13). The hu-
man Epo enhancer region (Apal-PvuII, 0.12 kb) is located
downstream of the poly(A) addition site (16, 22). The Epo
enhancer was inserted downstream (Apal site) of the
poly(A) addition site of pEpoPA-Luc and the resultant plas-
mid was named pEpoPLE. Reporter plasmid pEpoPLE can
express the luciferase cDNA under the control of the Epo
5'-promoter and 3'-enhancer in a physiological manner.

The human HNF-4a2 cDNA (19) fragment was used as a
template. The wild-type HNF-4 cDNA (465 amino acid resi-
dues) was amplified by polymerase chain reaction (PCR).
Mutations were also introduced by PCR. The TCC codon for
serine at the 369th amino acid residue (S369) was replaced
by the stop codon (TAA). This deletion mutant without the
carboxyl terminal transactivation domain (amino acids
369-465) was named mt-del( 1-368). Similarly, point muta-
tions were introduced by PCR and amino acids were re-
placed, as shown in Figs. 2A and 3A. The resultant mu-
tants were named mt(375-388), mt(460), mt(461), mt(462),
mt(463), and mt(460-463). All of the sequences of the wild
type and mutants were confirmed with a DNA autose-
quencer, ABI Prism 377 (Perkin Elmer).

A mammalian expression vector, pRC/CMV2 (Invitro-
gen), was used as an affector plasmid. The wild-type and
mutant human HNF-4 cDNAs were cloned into the Hin-
dlll-Notl site of pRC/CMV2. The resultant expression vec-
tors were named pRC-hHNF-4-WT, pRC-mt-del( 1-368),
pRC-mt(375-388), pRC-mt(460), pRC-mt(461), pRC-mt-
(462), pRC-mt(463), and pRC-mt(460-463).

To produce recombinant proteins, pET-15b (Novagen)
was chosen. The human HIF-la cDNA (23) was cloned into
the NcoI-BamHl site of pET-15b and the resultant plasmid
was named pET-hHIF-la. Similarly, pET-hARNT was con-

structed by insertion of the human ARNT cDNA (24) into
the Ncol-Xhol site of pET-15b. By using the glutathione S-
transferase (GST) gene fusion system (Amersham Pharma-
cia Biotech), GST-fusion protein expression vectors were
constructed. The human HNF-4 cDNAs of the wild type
and mt(460-463) mutant were cloned into the Xhol site of
pGEX-5X-l. The resultant expression vectors were named
pGEX-hHNF-4-WT and pGEX-hHNF-4-mt(460-463), re-
spectively.

The mammalian two-hybrid system (Promega) was used
to assay in vivo protein-protein interactions. As a bait, the
wild-type and mt(460-463) HNF-4 cDNAs were cloned into
the BamHl-Notl site of pBIND (GAL4). The resultant vec-
tors were named pBIND-hHNF-4-WT and pBIND-hHNF-
4-mt(460-463), respectively. As a prey, the human HIF-la
cDNA (23) was cloned into the BamHI-NotI site of pACT
(VP16) and the resultant plasmid was named pACT-hHIF-
la. Similarly, pACT-hARNT was constructed by insertion of
the human ARNT cDNA (24) into the BamHl-Notl site of
pACT.

Transactivation Assay—Hep3B cells were cultured in
Dulbecco's modified Eagle's medium (D-MEM) supple-
mented with 10% calf serum (HyClone) under 95% air and
5% CO2 at 37°C. The cells were seeded at 1 x 106 cells/60
mm plate and cultured overnight. The plates were washed
twice with serum-free OPTI-MEM I (Life Technologies).
The reporter plasmid of pEpoPLE (0.1 |xg) and the affector
plasmid of the pRC series (0.2-1.6 |xg) were transfected
with pRSV-p-Gal (0.1 |xg) (27) using lipofectin (5 |xl) and
OPTI-MEM I (1 ml) for 6 h according to the instruction
manual (Life Technologies). After transfection, 4 ml of D-
MEM supplemented with 10% calf serum was added. The
cells were cultured under 95% air and 5% CO2 (normoxia)
at 37°C overnight. The culture was continued under nor-
moxic conditions, or the cells were exposed to 2% O2, 93%
N2, and 5% CO2 (hypoxia) at 37°C for 24 h. The cells were
washed with phosphate-buffered saline (PBS) twice and
then cell lysis buffer (Pica Gene, Toyo Ink) was added (500
|xl/plate). The luciferase activity of 100 (JLI of cell lysate was
assayed with a luciferase assay system (Pica Gene, Toyo
Ink) and a luminometer (Lumat LB 9501, Berthold) for 1
min. Relative light units (RLUs) were recorded and the raw
data were corrected by subtraction of the background. Gene
transfer efficiency was normalized with respect to the (3-
galactosidase activity of cotransfected pRSV-P-Gal as an
internal control (27). Relative activity was calculated by
dividing the corrected transcriptional activity of each sam-
ple by the average of the controls.

Immunoprecipitation and Western Blotting—Rabbit anti-
serum against human HNF-4a2 (TT971106) was raised by
immunization with a synthetic peptide (PAYTTLEFEN-
VQVLTMGNDT). Mouse monoclonal antibodies against
human HIF-la (H72320) and ARNT (A78420) were pur-
chased (Transduction Laboratories). These monoclonal
antibodies are not cross-reactive.

Subconfluent Hep3B cells were cultured under hypoxic
conditions for 6 h, washed with PBS twice, and then sus-
pended in PBS by scraping. The suspended Hep3B cells (1
x 108 cells/ml) were centrifuged at 2,000 rpm for 5 min at
4°C. The cell pellet was resuspended in PBS containing 1
mM PMSF and 1% Triton X-100. Sonication was performed
and the sample was then centrifuged at 15,000 rpm for 10
min at 4°C. Immunoprecipitation of the hypoxic Hep3B cell
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extract (1 x 108 cells) was performed using 100 (xl of Protein
A Sepharose 4 Fast Flow (Amersham Pharmacia Biotech)
immobilized with rabbit serum (preimmune serum or anti-
hHNF-4 antiserum). The pellets were washed with PBS
five times. The precipitated samples were analyzed by 12%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and Western blotting. The proteins were
detected using anti-hHIF-la and anti-hARNT monoclonal
antibodies (Transduction Laboratories) in an enhanced
chemiluminescence (ECL) detection system (Amersham
Pharmacia Biotech).

Binding Assay with GST-Fusion Proteins—Radio-labeled
recombinant human HIF-la and ARNT were synthesized
using the 35S-methionine and DNA templates of pET-hHIF-
la and pET-hARNT in a T7 coupled reticulocyte lysate sys-
tem (Promega). In vitro transcription and translation were
performed in 50 JULI of the reaction mixture for 90 min at
30°C, as set out in the instruction manual. GST-fusion pro-
teins were expressed in Escherichia coli strain BL2KDE3)
harboring chaperone GroESL (28). GST, GST-hHNF-4(WT),
and GST-hHNF-4(mt) were produced in E. coli carrying
pGEX-5X-l, pGEX-hHNF-4-WT, and pGEX-hHNF-4-mt-
(460-463), respectively. The recombinant products were
immobilized with Glutathione-Sepharose 4B (Amersham
Pharmacia Biotech).

35S-Methionine-labeled recombinant human HIF-la and
ARNT (50 |JL1 of the reaction mixture) were bound to 100 JJLI
of Glutathione-Sepharose 4B immobilized with GST, GST-
hHNF-4(WT), and GST-hHNF-4(mt). The pellets were
washed with PBS five times. Samples were analyzed by
12% SDS-PAGE, the gel was dried, and then autoradiogra-
phy was performed.

Mammalian Two-Hybrid System—Hep3B cells were
seeded at 1 x 106 cells/60 mm plate and cultured overnight.
The plates were washed twice with serum-free OPTI-MEM
I (Life Technologies). The plasmid vectors used for the
mammalian two-hybrid system (Promega) were as follows.
The reporter plasmid (0.1 (xg) of pG51uc, bait vectors (0.1
fxg) of pBIND, pBIND-hHNF-4-WT, and pBIND-hHNF-4-
mt(460-463), prey vectors (0.1 (jig) of pACT, pACT-hHIF-la,
and pACT-hARNT, were transfected with pRSV-p-Gal (0.1
ixg) (27) using lipofectin (5 JJLI) and OPTI-MEM I (1 ml) for 6
h, as set out in the instruction manual (Life Technologies).
After transfection, 4 ml of D-MEM supplemented with 10%
calf serum was added. The cells were cultured under nor-
moxic conditions overnight. The culture was continued
under normoxic conditions, or the cells were exposed to
hypoxic conditions for 24 h. The cells were washed with
PBS twice and then cell lysis buffer (Pica Gene, Toyo Ink)
was added (500 (J/plate). The luciferase activity of 100 |xl of
cell lysate was assayed with a luciferase assay system (Pica
Gene, Toyo Ink) and a luminometer (Lumat LB 9501, Ber-
thold) for 1 min. RLUs were recorded and the raw data
were corrected by subtraction of the background. Gene
transfer efficiency was normalized with respect to the (3-
galactosidase activity of cotransfected pRSV-(3-Gal as an
internal control (27). Relative activity was calculated by
dividing the corrected transcriptional activity of each sam-
ple by the average of the controls.

RESULTS

Hypoxia-Responsive Transactivation Domain of Human

HNF-4—Human HNF-4a2 is a member of a steroid/thy-
roid/retinoid receptor superfamily and is~composed of A/B,
C, D, E, and F regions, as shown in Fig. 1A. The DNA-bind-
ing domain (amino acids 51-116) consists of zinc finger
motifs. The hypoxia-responsive transactivation domain
(amino acids 369^65) is located in the carboxyl terminal,
as shown below. We had already shown that HNF-4 func-
tions as a tissue-specific and hypoxia-activated transcrip-
tion factor for Epo gene expression (16). The deletion mu-
tant (amino acids 1-354) without the carboxyl terminal do-
main was a dominant-negative mutant that could repress
Epo transcriptional activity. However, the molecular mech-
anism of the role of the transactivation domain of HNF-4
remained unclear. In order to further characterize the hy-
poxia-responsive domain of HNF-4, we performed site-di-
rected mutagenesis, as shown below.

A deletion mutant, mt-del( 1-368), without the carboxyl
terminal (amino acids 369^65) was constructed and its
transcriptional activity was assayed. As shown in Fig. IB,
no effect was observed in normoxia. In contrast, transacti-
vation activity for the Epo gene of wild-type HNF-4 (WT)
was observed in hypoxia (Fig. 1C). However, the deletion
mutant (mt), mt-del( 1-368), repressed transcriptional
activity, indicating that mt-del( 1-368) is a dominant-nega-
tive mutant and that the carboxyl terminal (amino acids
369^465) is the hypoxia-responsive transactivation domain
for Epo gene regulation.

As shown above, the transactivation domain (amino
acids 369-465) of human HNF-4a2 plays a critical role in
hypoxia-activated Epo gene expression. To establish the
precise motif for activation, we introduced a series of point
mutations in this region. We focused on two regions, amino
acids 375-388 and 460-463, because these motifs are
highly conserved among species (17-21). The motif compris-
ing amino acids 375-388 includes histidine residues. The
imizadole ring of histidine is well known to be very impor-
tant for the binding and metabolism of oxygen and iron. We
replaced all of the histidine residues with leucine residues,
as shown in Fig. 2A. The resultant mutant was named
mt(375-388), and its transcriptional activity was assayed.
In normoxia, no effect was observed. In hypoxia, the tran-
scriptional activity of the mutant was higher than that of
the wild type (Fig. 2B). This indicates that highly conserved
histidine residues are not critical for hypoxia-activated Epo
gene expression.

We then introduced point mutations into another highly
conserved region of HNF-4a2, the TKQE motif (amino
acids 460-463), as shown in Fig. 3A. The transcriptional
activities of these mutants were assayed. No effect was
observed in normoxia. Figure 3B shows that T460 and
E463 are critical for Epo gene expression in response to
hypoxia. To confirm these results, all of the amino acid resi-
dues were mutated. As expected, mutant mt(460-463)
shows no transcriptional activation.

We have shown that the deletion mutant without the
carboxyl terminal transactivation domain (amino acids
369-465) was a dominant-negative mutant that could re-
press Epo transcriptional activity in hypoxia. Further char-
acterization of the hypoxia-responsive domain by site-
directed mutagenesis indicated that the highly conserved
carboxyl terminal (amino acids 460-463, TKQE motif) of
HNF-4 was essential for hypoxia-inducible Epo gene ex-
pression.
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Interactions between Human HIF-1 and HNF-4—The
Epo hypoxia-inducible enhancer is located in the 0.2 kb 3'-
flanking region downstream of the poly(A) addition site (16,
22). The cis-regulatory elements in the Epo enhancer are
the TACGTG motif, for binding of HIF-1 (23), and the (T/
OGACCT motifs for HNF-4 binding (16). There are nine-
teen bases between the HIF-1 and HNF-4 binding sites,
suggesting interactions between HIF-1 and HNF-4. Indeed
double disruption of these binding sites resulted in little
response to hypoxia (25). This strongly suggested that HIF-
1 and HNF-4 play a synergistic role in Epo gene expression
in response to hypoxia. We had also found that HNF-4
interacts with HIF-la and ARNT using a mammalian two-
hybrid system (25).

To confirm physiological interactions between native
HIF-1 and HNF-4, we performed immunoprecipitation and
Western blotting. A total cell extract of hypoxic Hep3B cells
was immunoprecipitated with either preimmune serum
(Pre) or anti-hHNF-4 antiserum (H4), as shown in Fig. 4.
The precipitated samples were assayed using monoclonal
antibodies against hHIF-la and hARNT. Figure 4A indi-
cates that the sample precipitated with anti-hHNF-4 anti-
serum contains hHIF-la, while Fig. 4B shows that the
same sample contains hARNT. The normoxic experiment
gave the same band of hARNT as in Fig. 4B. These results
indicate in vivo direct or indirect interactions of human
HNF-4 with HIF-la and ARNT.

Interaction Motif of Human HNF-4 for HIF-la and
ARNT—HIF-1 is known to be a heterodimer composed of
HIF-la and ARNT (24). To establish whether or not HNF-4
interacts with HIF-la and ARNT, we performed binding
assays on GST-HNF-4 fusion proteins with recombinant
HIF-la and ARNT. The human HNF-4 cDNAs of the wild
type and mt(460-463) mutant were cloned into the GST-
fusion protein expression vector. The resultant GST-fusion
proteins were named GST-hHNF-4(WT) and GST-hHNF-

A
i 51 117 134 369 465

A/B C
DNA-binding

D E F
transactivation

Fig. 1. Structure and function of human HNF-4. (A) Schematic
representation of human HNF-4a2. The human HNF-4a2 cDNA en-
codes 465 amino acid residues. HNF-4a2 is composed of A/B, C, D, E,
and F regions. The C region is the DNA-binding domain (amino acids
51-116). The F region is the hypoxia-responsive transactivation do-
main (amino acids 369-465). The numbers indicate amino acids. (B)
Transactivation assaying of wild-type and mutant human HNF-4a2
in normoxia. The reporter plasmid of pEpoPLE (0.1 jig) and the af-
fector plasmid of the pRC series (0.2, 0.4, 0.8, and 1.6 ng), pRC/
CMV2, pRC-hHNF-4-WT, and pRC-mt-del( 1-368) were transfected
into Hep3B cells with pRSV-p-Gal (0.1 |xg). Under normoxic condi-
tions, luciferase activity was recorded and normalized with respect
to p-galactosidase activity. Fold activation of pRC-hHNF-4-WT (WT,
circles) and pRC-mt-del( 1-368) (mt, squares) was calculated by di-
viding the corrected transcriptional activity of each sample by the
average of the controls (pRC/CMV2). The results are expressed as
the averages of triplicate determinations. Error bars indicate stan-
dard deviation. (C) Transactivation assaying of wild-type and mu-
tant human HNF-4a2 in hypoxia. Transactivation assaying was
performed as in (B). Under hypoxic conditions, luciferase activity
was recorded and normalized with respect to p-galactosidase activ-
ity. The transcriptional activity without the affector plasmid in hy-
poxia is approximately fiftyfold higher than that in normoxia.

4(mt), respectively.
As shown in Fig. 5A, recombinant HIF-la bound to GST-

hHNF-4(WT) (lane 2) but not to GST (lane 1). The binding
activity of recombinant HIF-la as to the mutant HNF-4,
GST-hHNF-4(mt), was decreased to approximately 30%
(lane 3). Similarly, Fig. 5B shows that recombinant ARNT
specifically bound to GST-hHNF-4(WT) (lane 2) but not to
GST (lane 1). The binding activity of recombinant ARNT as
to the mutant HNF-4, GST-hHNF-4(mt), was almost com-
pletely lost (lane 3). These results strongly suggest that the
essential TKQE motif (amino acids 460-463) of the hy-
poxia-responsive transactivation domain in HNF-4 (Fig. 3)
plays a role in the interactions with HIF-la (Fig. 5A) and
ARNT (Fig. 5B). However, in vitro pull-down binding as-
says sometimes detect non-specific protein-protein interac-
tions. This is because the hydrophobic surfaces of naked
recombinant products can associate with each other in a
non-specific manner.

To confirm the evidence for protein-protein interactions,
we then assayed the in vivo interactions of HNF-4 with
HIF-la and ARNT using a mammalian two-hybrid system.
Figure 6A shows that a prey (pACT-hHIF-la, VP16-hHIF-
la) interacts with a wild-type HNF-4 bait (pBIND-hHNF-
4-WT, GAL4-WT), but not with either a negative control
bait (pBIND, GAL4) or a mutant HNF-4 [pBIND-hHNF-4-
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mt(460-463), GAL4-mt]. Similarly, Fig. 6B shows that
ARNT (pACT-hARNT, VP16-hARNT) specifically binds to
wild-type HNF-4 (GAL4-WT), but not to either a negative
control (GAL4) or a mutant HNF-4 (GAL4-mt).

We have shown that the highly conserved TKQE motif
(amino acids 460-463) of the hypoxia-responsive transacti-
vation domain in human HNF-4 is essential for hypoxia-
inducible Epo gene expression (Fig. 3B). In addition, we
found in vitro and in vivo interactions of the TKQE motif in
HNF-4 with HIF-la and ARNT, in a sequence-specific man-
ner (Figs. 5 and 6). This evidence indicates that human
hypoxic signaling is transduced through a transcriptional
apparatus formed by a complex of the HIF-1 heterodimer
(HIF-la and ARNT) with HNF-4. Direct protein-protein
interactions are essential for the formation of a stable tran-
scriptional complex, and thus for hypoxic signal transduc-
tion.

A
371 3 9 0

SDAPHAHBPLHPHLMQEHMG WT

SDAPL.ALLPLLPLLMQELMG mt(375-388)

B

WT

mt(375-388)

1 00 2 0 0 3 0 0

Relative Activity [%]

Fig. 2. Function of histidine residues in human HNF-4. (A)
Amino acid 371-390 region of human HNF-4a2. The highly con-
served histidine residues of the wild type (WT) were replaced by leu-
cine residues. The resultant mutant was named mt(375-388). (B)
Transactivation assaying of wild-type and mutant human HNF-4a2.
The reporter plasmid of pEpoPLE (0.1 |xg) and the affector plasmid
of the pRC series (0.8 (xg), pRC-hHNF-4-WT, and pRC-mt(375-388)
were transfected into Hep3B cells with pRSV-p-Gal (0.1 |xg). After
exposure to hypoxic conditions, luciferase activity was recorded and
normalized with respect to p-galactosidase activity. The results are
expressed as the averages of triplicate determinations.

460 465

TKQEVI WT

LKQEVI mt(460)

TLQEVI mt(461)

TKLEVI mt(462)

TKQiVI mt(463)

mt(460-463)

B

mt(460-463)

0 1 00

Relative Activity [%]

Fig. 3. Function of the TKQE motif in human HNF-4. The amino
acid 460^465 region of human HNF-4a2. The highly conserved
TKQE motif (460-463 amino acids) of the wild type (WT) was re-
placed by leucine residues. (B) Transactivation assaying of wild-type
and mutant human HNF-4a2. The reporter plasmid of pEpoPLE
(0.1 jig) and the affector plasmid of the pRC series (0.8 |xg), pRC-
hHNF-4-WT, pRC-mt(460), pRC-mt(461), pRC-mt(462), pRC-mt-
(463), and pRC-mt(460-463) were transfected into Hep3B cells with
pRSV-p-Gal (0.1 (j-g). After exposure to hypoxic conditions, luciferase
activity was recorded and normalized with respect to p-galactosi-
dase activity. The results are expressed as the averages of triplicate
determinations.
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Fig. 4. Immunoprecipitation and Western blotting. Immunoprecipitation of a hy-
poxic Hep3B cell extract was performed using Protein A Sepharose 4 Fast Flow im-
mobilized with rabbit preimmune serum (Pre) or anti-hHNF-4 antiserum
iH4). After 12% SDS-PAGE, Western blotting was performed. The proteins were de-
tected using monoclonal antibodies against hHIF-la (A) and hARNT (B), as indi-
cated by arrowheads.
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Fig. 5. Affinity chromatography and SDS-PAGE. The human HNF-4 cDNAs of
the wild type and mt(460-463) mutant were cloned into the GST-fusion protein
expression vector. The resultant GST-fusion proteins were named GST-hHNF-
4(WT) and GST-hHNF-4(mt), respectively. 35S-Methionine-labeled recombinant
human HIF-la and ARNT were independently bound to Glutathione-Sepharose
4B immobilized with GST, GST-hHNF-4(WT), and GST-hHNF-4(mt). Samples
were analyzed by 12% SDS-PAGE. The gel was dried and then autoradiography
was performed. Arrowheads indicate hHIF-la (A) and hARNT (B) that were
bound to the GST-fusion protein.
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Fig. 6. Mammalian Two-Hybrid system. The reporter plasmid (0.1
(jLg) of pG51uc, bait vectors (0.1 pig) of pBIND (GAL4), pBIND-hHNF-
4-WT (GAL4-WT), and pBIND-mt(460-463) (GAL4-mt), and prey
vectors (0.1 |xg) of pACT, pACT-hHIF-la (A), and pACT-hARNT (B)
were transfected into Hep3B cells with pRSV-fi-Gal (0.1 pig). After ex-
posure to hypoxic conditions, luciferase activity was recorded and nor-
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malized with respect to |3-galactosidase activity. Relative activity was
calculated by dividing the corrected transcriptional activity of each
sample by the average of the controls (activity of pBIND plus pACT =
1.0, negative control). The results are expressed as the averages of
triplicate determinations.

DISCUSSION

Hypoxic Signal Transduction—Mammalian oxygen sen-
sors have not been identified. However, bacterial oxygen
sensors have been cloned and characterized. An oxygen
sensor of Rhizobium meliloti is a heme protein (FixL) with
kinase activity (29-33). Another oxygen sensor is an oxy-
gen-sensing transcription factor (FNR) of Escherichia coli,
which is an iron-sulfur protein {34, 35). Dissociation of oxy-
gen from iron is thought to trigger a conformational change
in both FixL and FNR.

In contrast to the above, there is no direct evidence of
human oxygen sensors. Epo gene expression in response to
hypoxia is one of the best models for studying the human
oxygen-sensing mechanism. Hypoxia-activated human Epo
promoter (12, 13) and enhancer (16, 22) have already been
identified. Among the binding factors, HIF-1 (23) and HNF-

4 (76) are known to be involved in the hypoxic response. In
addition, we had found that HIF-1 and HNF-4 play a syn-
ergistic role in Epo gene expression, and that HNF-4 inter-
acts with HIF-la during hypoxia (25). These results
suggest that a putative oxygen sensor may transduce an
unknown hypoxic signal to HIF-la and HNF-4. As a result,
a conformational change of HIF-la and HNF-4 may be
induced, which brings about their tight interactions.

Another possible mechanism is hypoxia-inducible stabili-
zation of HIF-la (36, 37). However, it is unknown why pro-
teolysis is blocked in response to hypoxia. The protein
stability of HIF-la may be modulated through interactions
with von Hippel-Lindau (VHL) tumor suppressor gene pro-
duct (38), p53 (39), and HNF-4 (25) in hypoxia.

Interactions of HNF-4 with HIF-la and ARNT—The
deletion mutant (arnino acids 1-355) of HNF-4 functioned
as a dominant-negative mutant for hypoxia-inducible Epo
gene expression (26). In this study, we have shown that the
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F region (amino acids 369-465) is a hypoxia-responsive
transactivation domain. However, it has been reported that
two regions, amino acids 1-24 and amino acids 128-366,
are transactivation domains for constitutive apoB and
apoCIII genes (40). The F region functions as a hypoxia-
responsive transactivation domain for the Epo gene, as
shown in this study, and as a negative regulatory domain
for the apoB and apoCIII genes (40). These results strongly
suggest that transcription factor HNF-4 has dual function-
ality, using different domains. For hypoxia-inducible Epo
gene expression, the F region functions as a hypoxia-re-
sponsive transactivation domain through interactions with
HIF-la and ARNT, as shown in this study.

HIF-1 is a heterodimer composed of HIF-la (23) and
ARNT (24). In this study, we have shown that HNF-4 inter-
acts with HIF-la and ARNT independently by means of a
mammalian two-hybrid system and pull-down binding
assays. It had also been found that HNF-4 interacts with
HIF-la in an oxygen-dependent manner (25). In addition,
Epo gene expression in response to hypoxia is regulated
through the synergistic role of HIF-1 and HNF-4 on the
Epo enhancer (25). These results strongly suggest that
transduction of hypoxic signaling, from a putative oxygen
sensor, influences the interactions between HIF-1 and
HNF-4. As a result, it is likely that a stable transcriptional
machinery is formed in response to hypoxia and that high-
level Epo gene expression is induced.

The in vitro and in vivo assays in this study indicated
that the essential TKQE motif (amino acids 460-463) of the
hypoxia-responsive transactivation domain in HNF-4 plays
a role in specific interactions with HIF-la and ARNT. At
present, it is unclear how the TKQE motif of HNF-4 inter-
acts with HIF-la and ARNT. In addition, we have not
determined what kind of signaling may be involved in the
protein-protein interactions, and activation of HIF-la,
ARNT, and HNF-4, e.g. kination, electron transfer, etc. Fur-
ther analyses of the signal transduction and structural biol-
ogy of these proteins and their associated cofactors may
reveal the molecular basis of the interactions and activa-
tion mechanisms.

We wish to thank Drs. G.L. Semenza, O. Hankinson, and G.U.
Ryffel for providing the human HIF-la, ARNT, and HNF-4a2
cDNAs, respectively. We also thank Dr. S. Ishii for providing the
Escherichia coli strain BL2KDE3) harboring chaperone GroESL.
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