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Overexpression of the ped/pea-15 gene in mice impairs glu-
cose tolerance and leads to diabetes in conjunctionwith high fat
diet treatment. PED/PEA-15 is also overexpressed in type 2 dia-
betics aswell as in euglycemic offspring from these subjects. The
cause(s) of this abnormality remains unclear. In the present
work we have cloned and localized the promoter region of the
humanPED/PEA-15 genewithin the first 230 bp of the 5�-flank-
ing region. A cis-acting regulatory element located between
�320 and �335 bps upstream the PED/PEA-15 gene transcrip-
tional start site (�1) is recognized by both the hepatocyte
nuclear factor 4� (HNF-4�) and the chicken ovalbumin
upstream promoter transcription factor II (COUP-TFII), two
members of the steroid/thyroid superfamily of transcription
factors, both of which are involved in the control of lipid and
glucose homeostasis. HNF-4� represses PED/PEA-15 expres-
sion in HeLa cells, whereas COUP-TFII activates its expression.
In hepatocytes, the activation of PED/PEA-15 gene transcrip-
tion is paralleled by the establishment of a partially dedifferen-
tiated phenotype accompanied by a reduction in mRNA levels
encoded by genes normally expressed during liver development.
Cotransfection of HeLa cells with a reporter construct contain-
ing the PED/PEA-15 response element and various combina-
tions of HNF-4� and COUP-TFII expression vectors indicated
that COUP-TFII antagonizes the repression of the PED/PEA-15
genebyHNF-4�. Thus, at least in part, transcriptionof thePED/
PEA-15 gene in vivo is dependent upon the intracellular balance
of these positive and negative regulatory factors. Abnormalities
in HNF-4� and COUP-TFII balancemight have important con-
sequences on glucose tolerance in humans.

Phosphoprotein enriched in diabetes/phosphoprotein
enriched in astrocytes (PED/PEA-15)3 is a cytosolic phospho-
protein widely expressed in different tissues and highly con-
served in mammals (1–4). It binds to and modulates the func-
tion of a number of signaling proteins and effectors. PED/
PEA-15 binds several pro- and anti-apoptotic proteins thereby
exerting a broad anti-apoptotic function (5–9). It also controls
mitogenic signaling by binding extracellular-regulated kinases
(ERKs) and anchoring ERKs to the cytoplasm (10). Indeed,
changes in PED/PEA-15 expression play an important role in
tumor development and sensitivity to anti-neoplastic agents
(11, 12). PED/PEA-15 binds to phospholipase D, enhancing its
stability and increasing intracellular diacylglycerol levels (13,
14). This effect, in turn, activates classical protein kinase C iso-
forms and generates resistance to insulin action on glucose
metabolism in peripheral tissues. Protein kinase C dysregula-
tion by PED/PEA-15 also impairs glucose-stimulated insulin
secretion in � cells in mice (14, 15).

PED/PEA-15 gene maps on human chromosome 1q21–22
(4) and is overexpressed in type 2 diabetics as well as in the
euglycemic offspring from these individuals. Interestingly, in
these same subjects, PED/PEA-15 levels correlate with insulin
resistance (4, 16). PED/PEA-15 cellular levels are regulated by
ubiquitinylation and proteasomal degradation (17). However,
run-on experiments in cultured cells from type 2 diabetic sub-
jects demonstrated that, at least in part, the overexpression
observed in these subjects is caused by transcriptional abnor-
malities (4). The molecular details responsible for these abnor-
malities and themechanisms responsible for PED/PEA-15 gene
regulation are still unclear.
Hepatocyte nuclear factor-4� (HNF-4�) and the chicken

ovalbumin upstream promoter transcription factor II (COUP-
TFII) are two members of the steroid/thyroid superfamily of
transcription factors involved in the control of glucose homeo-
stasis (18–20). Studies in mice in which the early lethal pheno-
type is circumvented have revealed that HNF-4� is essential for
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hepatocyte differentiation both at the morphological and the
functional levels (21) and for accumulation of hepatic glycogen
stores and generation of normal hepatic epithelium (22). Point
mutations in HNF-4� impair liver and pancreatic regulation of
glucose homeostasis and cause Maturity Onset Diabetes of the
Young type 1 (MODY1). More recently, genetic and biochem-
ical evidence has been generated, indicating that HNF-4� may
also have a role in the development of more common forms of
type 2 diabetes (23–25).
Most of the promoter elements interactingwithHNF-4� can

also recognize the COUP-TFs (26–28), one of the most exten-
sively studied orphan receptors. COUP-TFs regulate a number
of biological processes including embryonic development (29)
and neural cell fate determination (30). COUP-TFs may also
affect glucose homeostasis. Indeed, in vitro studies indicate that
COUP-TFII, also termed Arp-1, regulates several genes
involved in glucose and lipidmetabolism including insulin gene
expression in pancreatic � -cells (31, 32). Functionally, COUP-
TFII has been identified as a transcriptional repressor of genes
activated by HNF-4�. However, evidence is also present in the
literature indicating that, at least in certain circumstances,
COUP-TFII activates gene expression (33, 34). The specific
function of COUP-TFII likely depends upon the repertoire of
coregulatory proteins interacting with COUP-TFII and
HNF-4� in each specific context (35–43).
In the present paper we have cloned and characterized the

promoter region of the human PED/PEA-15 gene.We obtained
evidence that HNF-� and COUP-TFII compete for binding to
PED/PEA-15 promoter. Although HNF-4� represses PED/
PEA-15 transcription, COUP-TFII functions as transcriptional
activator. HNF-4�/COUP-TFII control of PED/PEA-15 tran-
scriptional activity may determine hepatocyte differentiation
and gluco-regulatory functions.

EXPERIMENTAL PROCEDURES

Materials—Media, sera, and antibiotics for cell culture and
the Lipofectamine reagent were purchased from Invitrogen.
Goat polyclonal HNF-4� and rabbit polyclonal COUP-TFII
antibodies were from Santa Cruz Biotechnology (Santa Cruz,
CA). PED/PEA-15 antibody has been previously described (4,
9). The mouse monoclonal HA antibody was from Roche
Applied Science. The protein A- and G-Sepharose beads were
from Pierce. The pCDNA3/HNF-4� expression vector, which
contains the HNF-4� coding region, was a generous gift from
Dr. Graeme Bell (Dept. of Medicine, University of Chicago,
Chicago, IL). The pCMV6-XL5COUP-TFII expression plasmid
and the pCMV6-XL5 vector were fromOriGene Technologies,
Inc. (Rockville, MD). Radiochemicals and Western blot and
ECL reagents were purchased fromAmershamBiosciences. All
other reagents were from Sigma.
Plasmid Constructs—A 2.0-kilobase KpnI-XhoI genomic

fragment containing the 5�-flanking region of the human PED/
PEA-15 gene was amplified (PCR) and subcloned between the
corresponding restriction sites of the luciferase expression vec-
tor pGL3 Basic (Promega, Madison, WI). The resulting plas-
mid, termed pPED2000, was used as a template for PCR gener-
ation of progressively deleted fragments of the PED/PEA-15
5�-flanking region. These were also subcloned in the luciferase

cloning vector. To minimize the possibility of introducing
errors during the PCR, the Expand Long Template PCR System
(Roche Applied Science) was used, and DNA was amplified
according to the manufacturer’s instructions. The identity and
orientation of the PCR fragments were then assessed by restric-
tion enzyme analysis and sequencing.
The HNF-4� binding site on PED/PEA-15 promoter

(TCATCCAAAGGTCA)wasmutagenized by PCR toTCATC-
CCCCGGTCA. Twomutated inner primers (pPED477mutFor
CGTGGTCATCCCCCGGTCAAAAG and pPED477mutRev
CTTTTGACCGGGGGATGACCAGG) and two outer prim-
ers (Ped477 KpnI and Ped (XhoI) antisense; see supplemental
Table 1) were used. Two mutated products were amplified
using the pPED477 construct as a template and the Expand
Long Template PCR System (Roche Applied Science) to mini-
mize the possibility of introducing errors during the PCR. In the
first reaction themutated inner sense primer was used together
with the Ped (XhoI) antisense, whereas the Ped477KpnI primer
was used in the second reaction together with the mutated
inner antisense. The mutant HNF-4� response element (HRE)
was then reconstituted with the Expand Long Template PCR
System (Roche Applied Science) using the outer primers. The
mutant fragment (477mut) obtained was then inserted into the
pGL3 Basic Vector and completely sequenced.
Animal Studies, Cell Culture, Transfections, RT-PCR, and

Western Blot Assay—The PED/PEA-15 transgenic mice have
been previously described (15). HeLa, human embryonic kid-
ney 293 (HEK 293), and HepG2 cells were cultured in Dulbec-
co’s modified Eagle’s medium supplemented with 10% fetal
bovine serum, penicillin (200 IU/ml), streptomycin (100
�g/ml), and 2% L-glutamine in a humidified CO2 incubator.
Stable expression of the HNF-4� short hairpin RNA (shRNA)
clone and wild-type PED/PEA-15 cDNA in HepG2 cells was
achieved as reported by Condorelli et al. (6). Transient trans-
fection of plasmid DNAs in HeLa, HEK 293, and HepG2 cells
were carried out by the calcium phosphate coprecipitation
method (42). Briefly, the cells were plated in 60-mm dishes
before transfection at a confluence of 1� 105 cells/dish. 3�g of
the indicated PED/PEA-15 promoter-luciferase construct and
1 �g of the pRSV�-gal vector (to correct for the variable trans-
fection efficiencies) were then added.
To examine the effect of HNF-4� and COUP-TFII on PED/

PEA-15 promoter, HeLa and HepG2 cells were cotransfected
with 2 �g of PED/PEA-15 promoter-luciferase together with
different amounts of HNF-4� and COUP-TFII expression vec-
tors. Total DNA content (up to 4 �g/plate) was normalized to
the empty vector devoid of HNF-4� and COUP-TFII coding
sequence. 48 h after transfection the cells were harvested and
lysed as described previously (43). Luciferase activity wasmeas-
ured by a commercial luciferase assay kit (Promega). Values
were normalized for �-galactosidase. Statistical significance
was evaluated by t test analysis.

Total RNAs were prepared by extraction with the RNeasy kit
(Qiagen Sciences) according to the manufacturer’s instruc-
tions. For real time RT-PCR analysis, 1 �g RNA was reverse-
transcribed using the Superscript II reverse transcriptase
(Invitrogen). Reactions were performed using Platinum SYBR
Green qPCR Super-UDG in a iCycler IQ multicolor Real Time
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PCR detection system (Bio-Rad). All reactions were performed
in triplicate, and �-actin was used as the internal standard.

For Western blot analysis, cells were solubilized in lysis
buffer (50mMHEPES (pH 7.5), 150mMNaCl, 10mM EDTA, 10
mM Na2P2O7, 2 mM Na3VO4, 100 mM NaF, 10% glycerol, 1%
Triton X-100, 1 mM phenylmethylsulfonyl fluoride, 10 �g/ml
aprotinin) for 2 h at 4 °C. Cell lysates were clarified by centrif-
ugation at 5000 � g for 20 min, separated by SDS-PAGE, and
transferred into 0.45-�m Immobilon-Pmembranes (Millipore,
Bedford, MA). Upon incubation with primary and secondary
antibodies, immunoreactive bands were detected by ECL
according to the manufacturer’s instructions.
shRNA-mediated Knockdown of HNF-4�—To interfere with

endogenous HNF-4� expression in HepG2 cells, we use short-
hairpin RNAs with the following sequences: clone a (Cl.a)
CCGGCCATCACCAAGCAGGAAGTTACTCGAGTAACTT-
CCTGCTTGGTGATGGTTTTT; clone b (Cl.b)CCGGACCAC-
CCTGGAATTTGAGAATCTCGAGATTCTCAAATTCCAG-
GGTGGTTTTTT. The cells were transfected with 1 �g of each
clone using the Lipofectamine reagent according to manufactur-
er’s recommendations and analyzed 48 h after transfection.
Electrophoretic Mobility Shift Assay—Cells were transfected

with 1�g of expression plasmids as described above.Whole cell
extracts (10–15�g of protein) were incubated for 30min on ice
in binding buffer 5� (50 mM Tris-HCl (pH 8.0), 750 mM KCl,
2.5 mM EDTA, 0.5% Triton X-100 (v/v), 62.5% glycerol (v/v), 1
mM dithiothreitol) containing 600 ng of poly (dI�dC) (GE
Healthcare) in the presence of the 32P-labeled probe. Samples
were subsequently resolved on 6% polyacrylamide gels (37.5:1
acrylamide/bisacrylamide) in 22.5 mM Tris borate, 0.5 mM
EDTA (0.25 � Tris borate EDTA) at 120 V for 2 h at 4 °C. The
gel was dried, and the labeled DNA-protein complexes were
visualized by autoradiography. Oligonucleotides correspond-
ing to the wild-type, andmutated HREs were synthesized (sup-
plemental Table 1). Radioactive probeswere generated by incu-
bation of the appropriate annealed oligonucleotides (5 pmol) in
the presence of 20 mCi of [�-32P]ATP and T4-polynucleotide
kinase according to themanufacturer’s instructions. The radio-
labeled probes were separated from free nucleotides by spin
dialysis using Sephadex G-50 (Roche Applied Science). Specific
activity obtained was typically �105 cpm/ml.
Chromatin Immunoprecipitation Assay—The cross-linking

solution, containing 1% formaldehyde, was added directly to
cell culture media. The fixation proceeded for 10 min and was
stopped by the addition of glycine to a final concentration of
125 mM. Primary human hepatocytes (Lonza Walkersville),
HeLa, and HepG2 cells were rinsed twice with cold phosphate-
buffered saline plus 1 mM phenylmethylsulfonyl fluoride and
then (HeLa and HepG2) scraped. Cells were collected by cen-
trifugation at 800 � g for 5 min at 4 °C. Cells were swelled in
cold cell lysis buffer containing 5 mM PIPES (pH 8.0), 85 mM
KCl, 0.5% Nonidet P-40, 1 mM phenylmethylsulfonyl fluoride,
and inhibitorsmixture (Sigma) and incubated on ice for 10min.
Nuclei were precipitated bymicrocentrifugation at 2000� g for
5 min at 4 °C, resuspended in nuclear lysis buffer containing 50
mM Tris-HCl (pH 8.0), 10 mM EDTA, 0.8% SDS, 1 mM phenyl-
methylsulfonyl fluoride and inhibitors mixture (Sigma), and
then incubated on ice for 10 min. Samples were broken by son-

ication into chromatin fragments of an average length of 500/
1000 bp and then microcentrifuged at 16,000 � g for 10 min at
4 °C. The sonicated cell supernatant was diluted 8-fold in chro-
matin immunoprecipitation (ChIP) dilution buffer containing
0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-
HCl (pH 8.0), and 167 mM NaCl and precleared by adding
salmon spermand conjugating protein at equimolar concentra-
tion for 90min at 4 °C. Precleared chromatin from 1� 106 cells
was incubated with 1 �g of polyclonal antibody (anti-HNF-4�
and an unrelated one) or no antibody and rotated at 4 °C for
16 h. Immunoprecipitates were washed five times with radio-
immune precipitation assay buffer containing 10 mM Tris-HCl
(pH 8.0), 1 mM EDTA, 1% Triton X-100, 0.1% sodium deoxy-
cholate, 0.1% SDS, 140 mM NaCl, and 1 mM phenylmethylsul-
fonyl fluoride, twice with LiCl buffer containing 0.25 M LiCl, 1%
Nonidet P-40, 1% sodium deoxycholate, 1 mM EDTA, 10 mM
Tris-HCl (pH 8.0), and then 3 times with TE (10 mM Tris-HCl
(pH 8.0), 1 mM EDTA). Before the first wash, the supernatant
from the reaction lacking primary antibody was saved as total
input of chromatin and was processed with the eluted immu-
noprecipitates beginning at the cross-link reversal step. Immu-
noprecipitates were eluted by adding 1% SDS, 0.1 M NaHCO3,
and reverse cross-linked by the addition of NaCl to a final con-
centration of 200 mM and by heating at 65 °C for at least 4 h.
Recovered material was treated with proteinase K, extracted
with phenol-chloroform-isoamyl alcohol (25:24:1), and precip-
itated. The pellets were resuspended in 30 �l of TE and ana-
lyzed by PCR using specific primers for the analyzed regions.
The input sample was resuspended in 30 �l of TE and diluted
1:10 before PCR.

RESULTS

Localization of the Promoter Activity within the 5�-Flanking
Region of the PED/PEA-15 Gene—To verify whether the prox-
imal 5�-flanking region of the PED/PEA-15 gene contains a
functional promoter, reporter gene assays were performed in
HEK 293 and cervical carcinoma (HeLa) cell lines. A 2- kilobase
PCR product containing the proximal 5�-flanking region, the
transcription start site, and 58 bp of exon 1 was cloned
upstream to a promoterless luciferase reporter gene (fragment
�1942/�58, pPED2000). Three independent clones were
tested showing similar promoter activity both in the HeLa and
HEK 293 cells (data not shown). Next the pPED2000 plasmid
was used as a template to generate progressive deletion frag-
ments of the PED/PEA-15 5�-flanking region, which were ana-
lyzed for promoter activity (Fig. 1). The constructs were trans-
fected in HeLa and HEK 293 cell lines, and luciferase activity
was measured after 48 h. Significant transcriptional activity
comparedwith the basal luciferase activitywas obtained in both
cell lines with all of the deletion constructs encompassing the
PED/PEA-15 promoter region �1942/�39. Indeed, the short-
est �39/�58 fragment still has a significantly higher luciferase
activity comparedwith the empty vector, suggesting that all the
basal promoter activity is contained in the very proximal
5�-flanking region. Because luciferase activity significantly
declines from �230, it is possible that the minimal promoter is
locatedwithin this sequence (Fig. 1). Truncation of promoter at
an upstream region between �1042 and �542 and between
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�419 and �309 produced a decrease in the PED/PEA-15 tran-
scriptional activity, indicating that these regions contain posi-
tive regulatory elements of the basal promoter function. A fur-
ther deletion between�309 and�230 revealed the presence of
a potential transcription silencer.
Regulation of the PED/PEA-15 Transcriptional Activity by

HNF-4�—In silico analysis of the PED/PEA-15 promoter
region revealed the presence of a 5�-GTCATCCAAAGGT-

CAAA-3� sequence located be-
tween the �419/�58 and �309/
�58 fragments. This sequence
closely resembles the HRE (44, 45),
suggesting the presence of an
HNF-4� binding site in the pro-
moter of the PED/PEA-15 gene. To
address the role of HNF-4� in PED/
PEA-15 promoter transcriptional
activity, we co-transfected the
�419/�58 PED/PEA-15 promoter-
luciferase construct (pPED477)
together with an HNF-4� expres-
sion vector (pCDNA3/HNF-4�)
into HeLa cells, which feature low
levels of the endogenous HNF-4�.
As shown in Fig. 2A, HNF-4�
reduces the reporter gene activity in

a dose-dependent manner. This effect is specific, as it is lost
when the cells are transfected with a vector containing the
mutagenized HNF-4� binding sequence (pPED477mut) and a
5� deletion construct lacking the HNF-4� site (pPED210) (Fig.
2B). Consistentwith these luciferase assays, real time PCR assay
on total RNA extracted from HNF-4�-transfected HeLa cells
confirmed a 2-fold decrease in PED/PEA-15 expression levels
(Fig. 3A). Same analysis was performed by Western blot with
similar results; as shown in Fig. 3B, the levels of PED/PEA-15
protein decreases in HNF-4�-transfected HeLa cells. More-
over, we observed an inverse correlation between PED/PEA-15
and HNF-4� protein levels in different cell types. In fact,
HepG2 cells present well detectable levels of endogenous
HNF-4� and low levels of PED/PEA-15, whereas the opposite is
observed in the HeLa and HEK 293 cells, both of which show
low levels of HNF-4� and high levels of PED/PEA-15 (Fig. 3C).
Overall, our results indicate that HNF-4� negatively regulates
PED/PEA-15 gene expression.
HNF-4� Binds the Cis-acting Element at Position �335 to

�320 in the PED/PEA-15 Promoter—Wenext tested the ability
of HNF-4� to bind the putative binding sequence in the PED/
PEA-15 gene promoter. Electrophoretic mobility shift assay
was performed using a probe containing the putative HNF-4
-binding site, designated HNF-4� RE element (Fig. 4A). Whole
cell extracts were obtained from HeLa cells transfected either
with an HNF-4� expression plasmid or a control vector. Incu-
bation of HNF-4�-transfected HeLa cell extracts with the
radiolabeled probe resulted in a strong band that was absent
when the cells were transfected with the empty vector (lanes 1
and 2). Competition with unlabeled HNF-4� RE oligonucleo-
tide abolished this band (lane 3). In contrast, increasing
amounts of the mutated HNF-4� RE probe added to the bind-
ing reactions competed for HNF-4� binding to the probe
encompassing the wild-type sequence much less efficiently
(lanes 4–6). These data indicate that in vitroHNF-4� binds to
the PED/PEA-15 HNF-4� RE site at �335 to �320 position.
Occupancy of the PED/PEA-15 promoter by HNF-4� in liv-

ing cells was further analyzed by ChIP experiment. Wild-type
HepG2 cells, which show well detectable levels of this tran-
scription factor, were used. Chromatin DNA was precipitated

FIGURE 1. Characterization of the promoter activity of the PED/PEA-15 5�-flanking region. The PED/PEA-15
5�-flanking fragments were cloned upstream to a promoterless luciferase reporter gene in the pGL3 Basic
vector as described under “Experimental Procedures”. HeLa (black bars) and HEK 293 cells (gray bars) were then
cotransfected with 3 �g of the construct DNAs (or 3 �g of the promoterless pGL3 Basic vector DNA) and 1 �g
of the pRSV�-gal vector DNA. Luciferase activity was assayed as described under “Experimental Procedures”
and is presented as the increase above the activity measured with the pGL3 Basic vector. The results are
presented as the means (normalized for �-galactosidase activity) � S.D. of four independent experiments each
performed in quadruplicate. Asterisks denote statistically significant differences (p � 0.001).

FIGURE 2. Regulation of PED/PEA-15 promoter activity by HNF-4�. A, HeLa
cells were co-transfected with 2 �g of the pPED477 PED/PEA-15 promoter-lucif-
erase construct and the indicated amounts of the pCDNA3/HNF-4� expression
vector. B, alternatively, the cells were co-transfected with the pPED477, the
pPED477mut, or the pPED210 PED/PEA-15 promoter luciferase constructs, and
0.8 �g of the pCDNA3/HNF-4� expression vector. Luciferase activities were nor-
malized for those of �-galactosidase and are presented as the means � S.D. of
four independent experiments each performed in quadruplicate. Asterisks
denote statistically significant differences (*, p � 0.05; ***, p � 0.001).
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using either the anti-HNF-4� or anti-HA antibodies as the neg-
ative control, and the sequence encompassing the HNF-4�
consensus binding site was amplified using specific primers. As
shown in Fig. 4B, precipitation with HNF-4� (lane 2a) but not
HA (lane 3a) antibodies enabled amplification, indicating
occupation of thePED/PEA-15 promoter byHNF-4�. As a pos-
itive control, a 145-bp fragment containing the HNF-4�
response element of theUGT1A9 promoter was also amplified
from genomic DNA precipitated with the HNF-4� antibody
(lane 2b) (46). Consistently, PCR amplification with oligonu-
cleotides for �-GLOBIN (negative control) did not show any
signal. Same results were also obtained with primary human
hepatocytes (Fig. 4B). To further assess the direct role of
HNF-4� on PED/PEA-15 expression, we used an RNA-medi-
ated interference-mediated approach. Transfection of HepG2
cells with HNF-4� specific shRNA clones caused a decrease of
HNF-4� mRNA to 20% that of the endogenous levels (Fig. 5A).
In the same cells, a parallel increase of PED/PEA-15mRNAand
protein levels was observed (Fig. 5, B and C), supporting the
important role of HNF-4� in controlling PED/PEA-15
expression.

PED/PEA-15Gene Transcription Is Activated by COUP-TFII—
COUP-TF antagonizes HNF-4�-dependent gene expression
(27, 28, 47–49). We have, therefore, hypothesized that COUP-
TFs may also regulate PED/PEA-15 transcription. To this aim,
the pPED477 luciferase construct containing the HRE was
transfected in HeLa cells together with the COUP-TFII expres-
sion vector (pCMV6-XL5COUP-TFII). As shown in Fig. 6A,
COUP-TFII produced an activation of the reporter gene in a
dose-dependent manner (Fig. 6A). This effect did not occur in
cells transfected with a pPED477mut containing the
mutagenized HNF-4� binding site and the 5� deletion con-
struct lacking this site (pPED210) (Fig. 6B), indicating that
COUP-TFII activates the human PED/PEA-15 promoter
through the HNF-4�-responsive element. Real time PCR assay
and Western blot analysis on COUP-TFII-transfected HeLa
cells also confirmed the increase in PED/PEA-15 expression
level (Fig. 6, C and D).
As shown in Fig. 6E, COUP-TFII specifically bound the HRE

on PED/PEA-15 promoter in native HeLa cells. At variance,
COUP-TFII binding to theHREwas almost undetectable in the
HepG2 cell lines, which express HNF-4� at higher levels.
COUP-TFII Opposes HNF-4� Repression of PED/PEA-15

Gene Expression—Because HNF-4� and COUP-TFII appear to
bind the same response element on the promoter of PED/
PEA-15 gene, we hypothesized that these two proteins compete
with each other for binding. Therefore, transient transfection
assays were performed with the pPED477 reporter construct
and various combinations of HNF-4� and COUP-TFII expres-
sion vectors. As shown in Fig. 7A, HNF-4� repression of the
pPED477 construct expression in HeLa cells can be completely
overcome by increasing amounts of COUP-TFII. Conversely,
transactivation by COUP-TFII was repressed by increasing
amounts of HNF-4�, indicating that COUP-TFII antagonizes
repression of the PED/PEA-15 gene by HNF-4�. Moreover,
ChIP experiments in HepG2 cells demonstrate that HNF-4�
binding to PED/PEA-15 promoter is reduced by increasing
amounts of COUP-TFII (Fig. 7B), whereas the opposite was
obtained in HeLa cells in which COUP-TFII binding to PED/
PEA-15 promoter is antagonized by increasing amount of
HNF-4� (Fig. 7C).
PED/PEA-15 Overexpression Decreases Hepatocyte Marker

Gene Expression—Fetal livers obtained from HNF-4��/� mice
fail to express a large array of genes encoding several apolipopro-
teins, metabolic proteins, and serum factors whose expression is
essential for the function of a differentiated parenchyma (21).
Indeed, HNF-4� acts as hepatocyte differentiation factor during
mammalian liver development. Consistently, HepG2 cells stably
transfectedwith anHNF-4�-specific shRNAclone show about an
80% reduction in mRNA levels of several genes expressed in dif-
ferentiated hepatocytes (CEACAM1, apoCIII, apoAI, albumin,
OTC (ornithine transcarbamyolase), Fig. 8C) comparedwithwild-
type cells (p � 0.001). Because these cells feature high levels of
PED/PEA-15mRNAandprotein (Fig. 8,A andB), we investigated
whether PED/PEA-15 overexpression may affect hepatocyte cell
differentiation.To this aimwehave stably transfectedHepG2cells
with a vector driving expression of the human PED/PEA-15
cDNA, increasing thePED/PEA-15mRNAandprotein levels (Fig.

FIGURE 3. Correlation between PED/PEA-15 and HNF-4� levels. A, HeLa
cells were transfected with 0.8 �g of the pCDNA3/HNF-4� expression vector.
PED/PEA-15 mRNA levels were then quantitated by RT-PCR. Data were nor-
malized for �-actin mRNA and are expressed as % decrease versus control
(untransfected cells). B, HeLa cells were transfected with the indicated
amounts of the pCDNA3/HNF-4� vector DNA. The cells were then solubilized
and Western-blotted with PED/PEA-15 antibodies followed by reblotting
with HNF-4� antibodies. C, lysates from HeLa, HEK 293, and HepG2 cells (40
�g protein/sample) were analyzed by Western blotting with PED/PEA-15
antibodies followed by reblotting with HNF-4� and actin antibodies. All filters
were revealed by ECL and autoradiography and quantitated by laser densi-
tometry of the autoradiographs. Bars represent the means � S.D. of three (B)
and four (A) independent experiments. Asterisks denote statistically signifi-
cant differences (*, p � 0.05; ***, p � 0.001). Representative blots are also
shown.
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8, A and B, third lane). As shown in Fig. 8C, the abundance of
CEACAM1, apoCIII, apoAI, albumin, and OTC RNAs was
reduced by about 60% in theHepG2/Ped comparedwith thewild-
type cells (p � 0.001). To further address this issue, we analyzed
livers from ped/pea-15 transgenic mice. These animals have been
previously characterized and reported (15). The abundance of the
CEACAM1, apoAI, albumin, and OTC mRNA was reduced by
20–50% in their livers (p � 0.001, Fig. 8D). The HepG2/Ped cells
also displayed an intermediate morphology compared with both
wild-type andHNF-4� shRNA-transfected cells with a less polyg-
onal cell shapeandamoredisorganizedmonolayer formationwith
less looser cell-cell contacts compared with wild-type cells (Fig.
8E).

DISCUSSION

Several lines of evidence indicate that a multitude of concur-
rent alterations contribute to type 2 diabetes onset and progres-
sion (50–52). Among these defects, the PED/PEA-15 gene has
been found to be overexpressed in about 30% of individuals

affected by type 2 diabetes and in
their first-degree relatives. Studies
in cellular and animal models have
shown a cause-effect relationship
between the overexpression of
PED/PEA-15 and impaired insulin
action (4, 14–16, 53). Thus, clarify-
ing the mechanism of PED/PEA-15
transcriptional regulation will help
in understanding its abnormalities
in type 2 diabetes. In the present
study we have isolated and further
characterized the PED/PEA-15 pro-
moter region, and we have identi-
fied cis elements involved in the reg-
ulation of PED/PEA-15 human gene
expression.
The transcription start site of the

PED/PEA-15 gene has already been
mapped (54). Analysis of the 5�
genomic sequence revealed that this
gene lacks a TATA box and the first
600 bp flanking the transcription
start region have a high GC content
(64%), including several consensus
Sp1 sites. These data are consistent
with our results showing that the
shortest 5�-flanking fragment span-
ning nucleotides�39/�58 contains
all the elements necessary to
achieve basal promoter activity.
Deletion analyses showed that

HNF-4�, a member of the steroid
receptor class of transcription fac-
tors, binds to the �419/�309 frag-
ment and represses PED/PEA-15
transcription through this region
(Figs. 1 and 2). Indeed transfection
experiments of both an HNF-4�

expression vector inHeLa cells and anHNF-4�-specific shRNA
clone in HepG2 cells confirmed that this transcription factor is
capable of repressing PED/PEA-15 expression both at the RNA
and at the protein levels (Figs. 3 and 5). Electrophoreticmobility
shift assay and ChIP assays have further shown that the pro-
moter site recognized by HNF-4� is located between nucleo-
tides �335 and �320 (Fig. 4). This element closely resembles
the HNF-4� REs found in other genes and the GGGGCAAAG-
GTCA consensus HNF-4� binding site (55). In addition we
have shown that the same responsive element is recognized by
COUP-TFII, another member of the orphan receptor family
(Fig. 6).We found that COUP-TFII activates PED/PEA-15 gene
expression by binding to the HRE (Fig. 6), whereas HNF-4�
functions as a transcriptional repressor. The observation that
these two transcription factors bind to the HRE in a mutually
exclusive manner (Fig. 7) suggests that their mechanism of
action involves direct competition at the level of DNA binding.
Thus, transcription of thePED/PEA-15 gene is dependent upon
the intracellular balance of these positive and negative regula-

FIGURE 4. HNF-4� binding to the PED/PEA-15 gene promoter. A, electrophoretic mobility shift assay. Whole
cell extracts from HeLa cells transfected with either the empty plasmid (lane 1) or the HNF-4� expression vector
(lanes 2– 6) were incubated with the 32P-labeled HNF-4� RE probe. Incubation occurred in the absence (lanes
1–2) or the presence of either a 4-fold molar excess of unlabeled HNF-4� RE probe (HRE wt; lane 3) or a 2-, 4-,
10-fold molar excess of unlabeled HNF-4� RE mutated oligonucleotides (HRE mut; lanes 4 – 6). Proteins were
separated on a non-denaturing polyacrylamide gel and revealed by autoradiography. The autoradiograph
shown is representative of four independent experiments. B, ChIP assay. Soluble chromatin was prepared from
HepG2 cells and human primary hepatocytes as described under “Experimental Procedures” and immunopre-
cipitated (IP) with either HNF-4� (lanes 2 and 5) or HA antibodies (lanes 3 and 6). Total (INPUT, lanes 1 and 4) and
immunoprecipitated DNAs were then amplified using primer pairs covering HNF-4� RE on the PED/PEA-15 (a)
and the UGT1A9 promoters (b, positive control) or the �-GLOBIN (c, negative control). The photographs shown
are each representative of three independent experiments.
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tory factors. Competition for DNA binding has been described
for other members of the steroid receptor superfamily, which
because of their highly related zinc finger DNA binding
domains, can interact with overlapping or identical DNA ele-
ments. For example, estrogen and thyroid hormone receptors
exert opposite regulatory effects via their competitive binding
to the estrogen response element (56).
In certain cell types where COUP-TFII occupies the HRE,

transcription of PED/PEA-15 gene is enhanced, whereas in
other cell types, such as the hepatocytes, whereHNF-4� is pres-
ent in relatively abundant amounts, COUP-TFII is replaced by
HNF-4�, and PED/PEA-15 transcription is repressed. At vari-
ance from the PED/PEA-15 gene, COUP-TFII most often
serves as a transcriptional silencer (33), whereas HNF-4� is an
activator (27). There is also evidence, however, indicating that
the function of many nuclear hormone receptors is dependent
upon the actions of distinct receptor binding cofactors that dif-
ferentially recognize occupied and unoccupied receptors (34–
41). Indeed, nuclear receptors often interact with co-regulators
affecting their target genes in a tissue- and gene-specific man-
ner (57). For instance, it has been reported that PGC-1� co-
activatesHNF-4� and inducesCYP7A1 gene transcription dur-

FIGURE 5. The effect of RNA-mediated interference-mediated silencing of
HNF-4� on PED/PEA-15 gene expression in HepG2 cells. HepG2 cells were
transiently transfected with two HNF-4�-specific shRNA clones (Cl.a, Cl.b).
48 h upon transfection total RNAs were extracted form transfected and non-
transfected cells (NT). HNF-4� (A) and PED/PEA-15 (B) mRNA levels were then
quantitated by RT-PCR. Bars represent values normalized for �-ACTIN mRNA.
C, HepG2 cells were transiently transfected with the HNF-4� shRNA (Cl.b).
After 48 h transfected and non-transfected cells were solubilized, and lysates
were Western-blotted with antibodies toward HNF-4�, PED/PEA-15, or �-ac-
tin. Filters were revealed by ECL and autoradiography followed by densito-
metric analysis of the autoradiographs. Bars represent the means � S.D. of
four (A and B) and three (C) independent experiments. Asterisks denote sta-
tistically significant differences. A representative blot is shown in the left panel
of C.

FIGURE 6. COUP-TFII action on PED/PEA-15 expression. A, HeLa cells were
transiently transfected with 2 �g of the pPED477 PED/PEA-15 promoter-lucif-
erase construct, the indicated amounts of the pCMV6-XL5COUP-TFII plasmid,
and 1 �g of the pRSV-�gal plasmid (transfection efficiency control). Alterna-
tively (B), the cells were transfected with the pPED477, the pPED477mut, or
the pPED210 PED/PEA-15 promoter luciferase constructs together with 0.4 �g
of the COUP-TFII expression vector and 1 �g of the pRSV-�gal expression
plasmid. Luciferase activity was assayed as described under “Experimental
Procedures” and normalized for �-galactosidase. C, HeLa cells were trans-
fected with 0.4 �g of the COUP-TFII expression vector. At 48 h, PED/PEA-15
mRNA levels were quantitated by RT-PCR and normalized for �-ACTIN mRNA.
Bars represent the means � S.D. of three (A and B) and four (C) independent
experiments, each in quadruplicate. All data are expressed as increases above
values in control cells. D, HeLa cells were transfected with 0.4 �g of the COUP-
TFII expression plasmid and solubilized, and proteins (40 �g/sample) were
separated by PAGE and analyzed by Western blotting with COUP-TFII and
PED/PEA-15 antibodies as indicated. Filters were revealed by ECL and autora-
diography, and autoradiographs were subjected to densitometry. Bars repre-
sent the means � S.D. of three independent experiments. A representative
experiment is shown in the left panel. Asterisks denote statistically significant
differences (*, p � 0.05; ***, p � 0.001). E, HepG2 and HeLa cells were cross-
linked with 1% formaldehyde and subjected to Chip assays using COUP-TFII
(lanes 3) and HA antibodies (lanes 2; negative control). Total (lane 1; INPUT)
and immunoprecipitated DNAs were amplified using primers covering the
HNF-4� RE in the PED/PEA-15 gene. The photographs shown are representa-
tive of at least three independent experiments.
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ing starvation in mice (58). But Song et al. (59) also
demonstrated that Prox1, an early specific marker for liver and
pancreas development from the foregut endoderm, interacts
with HNF-4� and suppresses CYP7A1 gene transcription.
These authors have generated evidence suggesting that Prox1
competes with PGC-1� for HNF-4� binding and, thus, inhibits
PGC-1� co-activating activity. The identification of ligands
cooperating with HNF-4� and COUP-TFII in the regulation of
PED/PEA-15 gene is currently in progress in the laboratory and
is expected to help clarify the mechanism linking PED/PEA-15
overexpression and the genes controlling its expression.
Indeed, PED/PEA-15 overexpression likely represents a molec-
ular abnormality downstream of distinct diabetes risk genes
and serves as an effector of these genes.
Recently, Parviz et al. (22) demonstrated the importance of

HNF-4� in the formation of a hepatic epitheliumand livermor-
phogenesis (22). Moreover, targeted disruption of HNF-4� in
the adult liver results in impaired lipid homeostasis, abnormal
glycogendeposition, andhepatic hypertrophy (18). In fact, indi-
viduals with HNF-4� mutations leading to MODY1 exhibit
impaired lipid homeostasis before the onset of � cell dysfunc-
tion and hyperglycemia, indicating the presence of a primary
hepatic lesion (60). Here, we show that the activation of PED/

FIGURE 7. Antagonistic effects of HNF-4� and COUP-TFII on PED/PEA-15
promoter. A, HeLa cells were transiently transfected with 2 �g of the
pPED477 PED/PEA-15 promoter-luciferase construct alone (open bar) or in
combination with the indicated amounts of the pCMV6-XL5COUP-TFII and
the pCDNA3/HNF-4� plasmids. Luciferase activity was assayed and normal-
ized as described under “Experimental Procedures” Bars represent the
mean � S.D. of three independent experiments. Asterisks denote statistically
significant differences (p � 0.001). B and C, ChIP assays. Soluble chromatin
was prepared from HepG2 (B) and HeLa (C) cell lines as described under
“Experimental Procedures” and immunoprecipitated (IP) with HNF-4�, COUP-
TFII, and HA antibodies. Total (INPUT) and immunoprecipitated DNAs were
amplified using primer pairs covering HNF-4� RE on the PED/PEA-15 pro-
moter. The photographs shown are representative of three independent
experiments.

FIGURE 8. PED/PEA-15 action on the expression of hepatocyte differenti-
ation markers. A, total RNA preparations were obtained from HepG2 wild-
type cells and from cells stably expressing either the HNF-4�-specific shRNA
(HepG2/HNF-4�-sh) or the human PED/PEA-15 gene (HepG2/PED). B, lysates
from HepG2 wild-type cells and from cells stably expressing either the HNF-
4�-specific shRNA (HepG2/HNF-4�-sh) or the human PED/PEA-15 gene
(HepG2/PED) (40 mg of protein/sample) were analyzed by Western blotting
with PED/PEA-15 antibody followed by reblotting with actin antibody. The
levels of PED/PEA-15 (A) CEACAM1, apoCIII, apoAI, albumin, and OTC mRNAs
(C) were then quantitated by RT-PCR and normalized for �-actin mRNA. mRNA
levels shown in the figure are relative to those in control (HepG2 wild type)
cells. Bars represent the means � S.D. of data from four independent experi-
ments. D, RNA preparations were obtained from livers of ped/pea-15 trans-
genic and control mice (non-transgenic littermates). The indicated mRNAs
were subsequently quantitated by RT-PCR and normalized for �-actin. Bars
represent the means � S.D. of four independent experiments, where reac-
tions were performed in triplicate using pooled total RNA preparations from
six mice/genotype. Asterisks denote statistically significant differences (p �
0.001). E, phase contrast microphotographs of HepG2, HepG2/PED, and
HepG2/HNF-4�-sh cells (upper panel, 100� magnification; lower panel,
7�-zoomed microphotographs of the above fields).
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PEA-15 gene expression in hepatocytes is paralleled by the
establishment of a partially dedifferentiated phenotype accom-
panied by reduction in mRNA levels of genes, which are
expressed during normal liver development (Fig. 8). Thus,
PED/PEA-15 overexpression seems to have similar conse-
quences as HNF-4� haploinsufficiency. These include
impaired liver differentiation as well as � cell dysfunction, both
of which contribute to the progression toward diabetes.
Previous studies in � cells evidenced that PED/PEA-15

restrains the expression of HNF-3� (Foxa2) (53), a master
transcription factor controlling several differentiation regu-
latory genes, including HNF-4� (61). One might speculate
that PED/PEA-15 loops back on HNF-4�, thereby causing
dedifferentiation by silencing the expression of HNF-4�
itself. Indeed, HepG2 cells overexpressing a PED/PEA-15
cDNA feature reduced HNF-4� levels (data not shown). Fur-
ther studies are in progress in the laboratory to address this
issue and clarify the significance of PED/PEA-15 levels to
hepatocyte differentiation.
In conclusion, in this studywe have cloned and characterized

the PED/PEA-15 promoter. We have further shown that two
transcription factors, HNF-4� and COUP-TFII, compete for
binding to the HRE site on PED/PEA-15 gene promoter.
Although COUP-TFII increases PED/PEA-15 gene expression,
HNF-4� antagonizes PED/PEA-15 transactivation. Polymor-
phisms in the consensus binding sequence for these two pro-
teins may affect PED/PEA-15 expression and increase the sus-
ceptibility to type 2 diabetes.
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