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Retinoic acid-induced differentiation of mouse F9 embryonal carcinoma cells toward the visceral endoderm
lineage is accompanied by increased expression of the Forkhead Box (Fox) transcription factors hepatocyte
nuclear factor 3α (HNF-3α) and HNF-3β, suggesting that they play a crucial role in visceral endoderm develop-
ment. Retinoic acid stimulation results in a cascade of HNF-3 induction in which HNF-3α is a primary target
for retinoic acid action and its increase is required for subsequent induction of HNF-3β expression. Increased
expression of HNF-3β precedes activation of its known target genes, including transthyretin (TTR), Sonic hedge-
hog (Shh), HNF-1α, HNF-1β, and HNF-4α. In order to examine whether increased HNF-3 expression is
sufficient to induce expression of its downstream target genes without retinoic acid stimulation, we have used
adenovirus-based expression vectors to increase HNF-3 protein levels in F9 cells. We demonstrate that adenovi-
rus-mediated increase of HNF-3α levels in F9 cells is sufficient to induce activation of endogenous HNF-3β
levels followed by increased TTR and Shh expression. Furthermore, we show that elevated HNF-3β levels
stimulate expression of endogenous TTR and Shh without retinoic acid stimulation. Moreover, ectopic HNF-3
levels in undifferentiated F9 cells are insufficient to induce HNF-3α, HNF-1α, HNF-1β, and HNF-4α expression,
suggesting that their transcriptional activation required other regulatory proteins induced by the retinoic acid
differentiation program. Finally, our studies demonstrate the utility of cell infections with adenovirus expressing
distinct transcription factors to identify endogenous target genes, which are assembled with the appropriate
nucleosome structure.

Hepatocyte nuclear factor 3 Sonic hedgehog Transthyretin Retinoic acid stiumlation

THE hepatocyte nuclear factor 3α (HNF-3α), HNF- ing family of transcription factors that play important
roles in cellular proliferation and differentiation dur-3β, and HNF-3γ transcription factors share homology

in the winged helix/fork head DNA binding domain ing embryonic development (8,20). Recently, the no-
menclature of the winged-helix/fork head family has(5). The fork head/winged-helix proteins are a grow-
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been revised to forkhead box (Fox) genes, and HNF- tectable levels, and its kinetics are consistent with
subsequent induction of HNF-3β expression (16,37).3α and HNF-3β are also known as Foxa1 and Foxa2,

respectively (19). The HNF-3 proteins were first Induced HNF-3β expression is consistent with its role
in stimulating transcription of downstream targetidentified as mediating transcription of hepatocyte-

specific genes (6,23,24). These include the serum genes TTR, HNF-1α, HNF-1β, and HNF-4α (15,16,
37). Another HNF-3 target gene, Shh, is also ex-proteins transthyretin (TTR), α1-antitrypsin, albumin,

α-fetoprotein, Transferrin, and apolipoprotein AI, pressed in visceral endoderm in mouse embryos (26),
but the role of HNF-3 in Shh regulation during F9and the enzymes tyrosine aminotransferase, phospho-

enolpyruvate carboxykinase, and glucose 6-phospha- cell differentiation remains uncharacterized.
Adenovirus vectors have been used for the overex-tase, and the transcription factors HNF-1α and HNF-

4α genes (7). Subsequent studies showed that the pression of several different transcription factors
(9,13,28,45) and we have therefore generated twoHNF-3α and HNF-3β proteins also regulate expres-

sion of genes critical in the function of visceral yolk adenovirus vectors expressing either HNF-3α or
HNF-3β. In this study, we have used adenovirus-sac endoderm, intestine, stomach, lung, and pancreas

(7,8,11,17,33). based expression vectors to infect F9 cells and in-
crease HNF-3 protein levels without retinoic acid dif-Expression of HNF-3α and HNF-3β initiates dur-

ing gastrulation of mouse embryogenesis in the node, ferentiation to examine whether induction of HNF-3
levels alone is sufficient to induce expression of itsnotochord mesoderm, floorplate neuroepithelium, and

in visceral, definitive endoderm and gut endoderm downstream target genes. We demonstrate that ade-
novirus-mediated increase of HNF-3α levels in F9(3,27,39,41). Consistent with this expression pattern,

homozygous null Hnf3β embryos die in utero be- cells is sufficient to induce activation of endogenous
HNF-3β, which precedes activation of the presumedcause of defective formation of the node, notochord,

gut endoderm, and visceral endoderm, which are re- target genes: TTR and Shh. We show that elevated
HNF-3β levels resulted in activation of endogenousquired for development of the primitive streak during

gastrulation and for inductive signaling necessary in TTR and Shh expression in the absence of retinoic
acid stimulation. Moreover, ectopic HNF-3 levelsneurotube formation (2,47). HNF-3β is known to reg-

ulate notochord transcription of the sonic hedgehog alone were unable to induce a number of other poten-
tial target genes, suggesting that their transcriptional(Shh) gene, which is required for inductive signaling

during the formation of the neurotube (4,12). More- activation required other regulatory proteins induced
by the retinoic acid differentiation program.over, use of Hnf3β −/−-deficient embryonic stem

(ES) cells to form embryoid bodies (EB) for in vitro
differentiation toward visceral (yolk sac) endoderm
demonstrates that HNF-3β is involved in cross-regu- MATERIALS AND METHODS
lating expression of the HNF-3α, HNF-1α, and

Adenovirus Vector Preparation
HNF-4α transcription factors (11). These studies also
implicated HNF-3β in regulating transcription of apo- Two 1.6-kb EcoRI fragments containing the entire

coding sequence for either the rat HNF-3α or ratlipoproteins, aldolase B, pyruvate kinase, TTR, and
albumin genes in EB-induced visceral endoderm. HNF-3β protein were subcloned into the adenovirus

recombination vector, pAdCL-XEB. This vector con-Moreover, Hnf3β −/−-deficient mice fail to thrive, are
hypoglycemic, and display reduced pancreatic islet tained the cytomegalovirus (CMV) promoter, a multi-

ple cloning site (including EcoRI), the SV40 poly Aexpression and secretion of glucagon, which is re-
quired to mobilize hepatic glycogen (18,43). site, and a splice donor/acceptor site between human

adenovirus type 5 genome sequences 1–355 andIt is well established that several HNF-3 target
genes (e.g., transthyretin and α-fetoprotein) are in- 3333–5788 (see also Fig. 1). We used the overlap

recombination procedure (14) to construct adenovirus-duced upon retinoic acid-mediated differentiation of
mouse F9 embryonal carcinoma cells into visceral es that overexpressed rat HNF-3α and rat HNF-3β

genes. The resulting plasmids, denoted pAdHNF3αendoderm (42,44). Our F9 cell differentiation studies
demonstrate that retinoic acid induces a cascade of or pAdHNF3β, were linearized with AscI and co-

transfected with type 5 adenovirus dl324 DNA intogene expression in which induction of HNF-3α oc-
curs first, followed by increased HNF-3β levels and HEK (human embryonic kidney) 293 cells. dl324,

which contains a deletion in the E1 region (genomethen stimulation of TTR levels (15,37). During F9
differentiation, HNF-3α is a primary target of reti- positions 1334–3639 are missing) and in the E3 re-

gion, was digested with ClaI at genome position 918.noic acid action through a retinoic acid responsive
element (RARE) in its promoter region (16). HNF- We transfected 5 µg of each plasmid (HNF-3α or

HNF-3β) together with 1 µg of cut virus per 35-mm3α expression is rapidly induced within 6 h, peaks at
1 day postdifferentiation, and then declines to unde- cell culture plate. After providing sufficient time for
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recombination to take place (between 5 and 14 days), fluence. Cells were washed once with serum-free
DMEM and then exposed to serum-free DMEM con-293 cells were lysed and potential recombinant vi-

ruses were detected by performing standard plaque taining AdHNF3α, AdHNF3β, or AdLacZ at 20 pfu/
cell. After an incubation of 1 h at 37°C, the mediumassays on 293 cells (35). Following plaque purifica-

tion, viral DNA was isolated and used for the prepa- was replaced with DMEM containing 7.5% ultra calf
serum and 2.5% fetal calf serum and cells were cul-ration of Southern blots. HNF-3-containing viruses

were detected by probing the blots with probes spe- tured for various times at 37°C.
To measure infection efficiency, which was repre-cific for HNF-3α and HNF-3β, followed by PCR

with HNF-3-specific primers. Homologous recombi- sented by the β-galactosidase activity in AdLacZ-
infected cells, they were fixed with 0.05% glutaral-nation between the linearized plasmids and dl324 re-

placed portions of the adenovirus E1 region with the dehyde in 0.1 M phosphate buffer, pH 7.3, for 5 min
at room temperature. The cells were then washed1.6-kb HNF-3α or HNF-3β gene fragments, and cre-

ated the AdHNF3α or AdHNF3β, respectively (see with ice-cold PBS (8 mM Na2HPO4, 1.5 mM
KH2PO4, 135 mM NaCl, 2.5 mM KCl) and stainedFig. 1). Using the procedure described above, we also

generated a control virus (AdLacZ), which contained with X-gal solution [1 mg/ml 5-bromo-4-chloro-3-in-
doyl-β-D-galactopyranoside, 0.1 M phosphate buffer,the prokaryotic LacZ (β-galactosidase) gene instead

of the HNF-3 cDNAs. pH 7.3, 3 mM K3Fe(CN)6, 3 mM K4Fe(CN)6, 1.3 mM
MgCl2] for 4–6 h at 37°C.

Purification of Recombinant Adenoviruses

RNase Protection AssayFor large-scale preparations, 20 tissue culture
plates (150 × 25 mm) of HEK 293 cells (1–2 × 107

mRNA Isolation. mRNA was isolated from cellcells/plate) were infected with AdHNF3α, AdHNF3β,
cultures using the Fast Track mRNA isolation kitor AdLacZ at a multiplicity of infection (MOI) of
from Invitrogen, following the manufacturer’s in-1–5 plaque forming units (pfu)/cell. After an addi-
structions. Starting with 4 × 108 cells, we routinelytional 2 days of culture, the cells were harvested and
obtained 20–50 µg of oligo(dT)-selected mRNA.washed once with PBS (8 mM Na2HPO4, 1.5 mM

KH2PO4, 135 mM NaCl, 2.5 mM KCl). The cells
Probe Preparation. Antisense RNA probes werewere then resuspended in lysis buffer (10 mM Tris-

generated by transcribing specific cDNA fragmentsHCl, pH 7.8, 20 mM MgCl2, 0.5% DOC). Freeze
that had been cloned into the Bluescript KS II vectorthawing lysed the samples and DNase was added to
using T7 RNA polymerase as described previouslya final concentration of 10 µg/ml. After 30 min at
(36). The RNase protection probes for the rat and37°C, an equal volume of fluorocarbon (1,1,2-tricho-
mouse HNF-3α, HNF-3β, and the mouse TTR, HNF-lorotrifluoroethane, Sigma) was added and the sam-
1α, HNF-1β, and HNF-4α have been described pre-ples were incubated on a rocker for 10 min at room
viously (6,36). The following cDNAs were tran-temperature. Following a centrifugation (10 min at
scribed: mouse GAPDH 318-bp cDNA fragment and1000 × g), the supernatant was layered onto a cesium
Sonic hedgehog (Shh) 249-bp cDNA fragment.chloride gradient (1.4 g/ml and 1.2 g/ml in 50 mM

Hybridization reactions were carried out using theTris-HCl, pH 7.8, 10 mM MgCl2) and centrifuged at
RPA II kit distributed by Amicon. For each reaction,90,000 × g for 3 h at 4°C (SW 28 rotor). Viral bands
5 µg of oligo(dT)-selected mRNA was hybridized inwere harvested and mixed with an equal volume of
solution with 1 × 105 cpm of antisense RNA probeloading buffer (50 mM Tris-HCl, pH 7.8, 10 mM
(18 h at 45°C), following the recommendations of theMgCl2). The samples were again layered onto a ce-
kit producer. After RNase treatment, resistant RNA–sium chloride gradient and centrifuged overnight. Vi-
RNA hybrids were analyzed on 5% polyacrylamide/ral bands were removed, mixed with four volumes of
8 M urea gels (acrylamide/bis 29:1). Autoradiogra-freezing solution (0.1% BSA, 50% glycerol, 10 mM
phy of gels was performed with Kodak XAR filmTris-HCl, pH 7.8, 100 mM NaCl), and stored at
and Fisher Biotech L-Plus screens at −70°C for 1–4−20°C.
days. Mouse GAPDH (glyceraldehyde-3-phosphate
dehydrogenase) control RNA was detected with aCell Culture Experiments
specific probe provided by Ambion.

Mouse F9 embryonal carcinoma cells, mouse P19
embryonal carcinoma cells, and HEK 293 cells were Nuclear Protein Extraction and Gel Shift Assay
cultivated in Dulbecco’s modified Eagle’s medium
(DMEM) containing 7.5% ultra calf serum and 2.5% Nuclear proteins were extracted from cell cultures

according to the protocol of Andrews and Faller (1).fetal calf serum (Inovar). For viral infections, cultures
were grown on tissue culture dishes to 60–70% con- Binding of HNF-3 proteins to DNA oligonucleotides
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was initiated by mixing the following components: 1 RESULTS
ng of kinased double-stranded oligonucleotide, bind-

AdHNF3α and AdHNF3β Give Rise to Functional
ing buffer (20 mM Tris, pH 7.5, 5% glycerol, 40 mM

Protein Products
KCl, 1 mM MgCl2, 0.5 mM DTT, 1 mM EDTA), 3
µg of poly(dI-dC), and 10 µg of extract. One microli- In order to determine whether the HNF-3 transcrip-

tion factors alone are sufficient to induce expressionter of HNF-3α-specific or HNF-3β-specific antise-
rum (15) was added where indicated in a total reac- of downstream target genes in F9 cells without reti-

noic acid differentiation, we have used adenovirus-tion mixture of 30 µl. After 30 min at room
temperature, the reaction mixture was loaded onto a based expression vectors to increase expression of

HNF-3α and HNF-3β proteins. We utilized the over-5% polyacrylamide gel (acrylamide/bis 29:1). Elec-
trophoresis was performed for 120 min at 150 V lap recombination procedure (14) to construct adeno-

viruses that overexpress rat HNF-3α and HNF-3β(room temperature). Subsequently, the gel was dried
and subjected to autoradiography as described above. genes, as described in Materials and Methods (Fig.

1). In order to verify that AdHNF3α and AdHNF3βThe strong affinity HNF-3 binding site from the TTR
promoter (6,29,40) was employed by hybridizing the generated functional transcription factors, we first in-

fected mouse P19 embryonal carcinoma cells withfollowing double-stranded DNA oligonucleotides: 5′-
gttgactaagtcaataatcagaatcagca-3′ and 3′-caactgattcag AdHNF3α or AdHNF3β at a MOI of 20 pfu/cell.

Control adenovirus AdLacZ infections detected byttattagtcttagtcgt-5′.
β-gal enzyme staining with the X-gal substrate deter-

Transfections, Adenovirus Infection, and CAT Assay mined that greater than 90% of the cells were in-
fected using an MOI of 20 pfu/cell. RNA was iso-Coinfection experiments with an HNF-3-dependent

chloramphenicol acetyltransferase (CAT) reporter lated from P19 cells at different intervals following
infection with either AdHNF3α or AdHNF3β andconstruct demonstrated that the adenovirus-trans-

duced HNF-3α and HNF-3β proteins were transcrip- used for RNase protection assays to determine HNF-
3α or HNF-3β mRNA levels (see Materials andtionally active. We first transfected an HNF-3-depen-

dent CAT reporter plasmid (30) into P19 cells, then Methods). Infection of P19 cells with AdHNF3α led
to increased HNF-3α mRNA levels between 2 and 12infected them with either AdHNF3α, AdHNF3β, or

AdLacZ and 24 h later we performed CAT assays h postinfection (PI) (Fig. 2A, lanes 6–9). No HNF-
3α mRNA was detected in P19 cells that were eitherwith protein extracts prepared from these cells. On

the day before transfection, P19 embryonal carci- infected with control LacZ-expressing adenoviruses
(AdLacZ) or mock infected cells (Fig. 2A, lanes 1–noma cells were split at a density of �105 cells per

ml in 10-cm tissue culture dishes in 10 ml medium. 5). Likewise, infection of P19 cells with AdHNF3β
caused induction of HNF-3β mRNA at 2 h PI, withTransfections of the HNF-3-dependent CAT reporter

construct method and SV40 promoter-driven β-galac- levels gradually increasing through the 12-h PI time
point (Fig. 2B, lanes 6–9).tosidase (β-gal) constructs (pSV-LacZ, included as

internal control) were done by the calcium phosphate In order to demonstrate that AdHNF3α and
AdHNFβ infections led to increased HNF-3α andmethod as described previously (30). The transfected

P19 cells were then infected with either AdHNF3α, HNF-3β protein levels, we prepared nuclear extracts
from adenovirus-infected cells and gel shift experi-AdHNFβ, or AdLacZ at a multiplicity of infection

(MOI) of 20 pfu/cell. The cells were harvested after ments were carried out to visualize the HNF-3 pro-
tein–DNA complexes (see Materials and Methods).another 24 h of culture, lysed by freezing and thaw-

ing, and the extract was used for the β-gal assay (38) HNF-3α protein–DNA complex formation was de-
tected between 6 and 72 h PI (Fig. 3A, lanes 4–8),and the CAT assay. The β-gal assay was performed

by reacting a specified amount of protein with sub- and disruption of this protein–DNA complex by ad-
dition of the HNF-3α antibody in the binding reac-strate ONPG (O-nitrophenyl-β-D-galactopyranoside)

and measuring the absorbance at 420 nm. Extracts tion confirmed the presence of HNF-3α protein in the
complex (Fig. 3A, lane 9). Furthermore, no abundantcontaining equal β-gal activities were used for CAT

assay. For this purpose, the extract was incubated at HNF-3α protein–DNA complex was found in bind-
ing reactions using nuclear extracts from either65°C for 15 min to inactivate the deacetylating en-

zymes and subsequently incubated with 20 µl 4 mM mock-infected or AdLacZ-infected controls (Fig. 3A,
lanes 1–3). Likewise, infection of P19 cells withacetyl CoA and 3 µl [14C]chloramphenicol at 37°C

for 2 h with repeated addition of acetyl CoA. CAT AdHNF3β resulted in the increased HNF-3β protein–
DNA complexes by 6 h PI, with continued gradualactivity was monitored by thin-layer chromatography

on silica plates in CHCl3/CH3OH (95:5) followed by increase until the 24-h PI time point (Fig. 3A, lanes
1–7). Furthermore, supershifting of the adenovirus-autoradiography.
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Figure 1. Construction of adenovirus vectors expressing HNF-3α and HNF-3β. (A) Structure of adenovirus recombination pAdCL-XEB.
Schematically shown is the adenovirus recombination plasmid containing the expression cassette consisting of the CMV promoter, RNA
splice site, EcoRI site for insertion of the rat HNF-3 and HNF-3 cDNAs, and the SV-40 polyadenylation sequence. The expression cassette
was bounded on both sides by adenovirus sequences 1–355 and 3333–5788, which are required for adenovirus recombination to reconstitute
the full-length virus. (B) Schematic representation of the replication-deficient recombinant adenoviruses in which the HNF-3 cDNAs replaces
the E1 region. Note that this figure is not drawn to scale.

Figure 2. Detection of adenovirus-derived HNF-3 mRNAs. (A) Time course of adenovirus-derived HNF-3α mRNA. To determine HNF-3α
mRNA levels, total RNA was prepared from P19 stem cells at various intervals following infection with adenovirus (at a multiplicity of 20
pfu/cell) and RNase protection assays were performed with antisense rat HNF-3α RNA probe as described in Materials and Methods. Shown
are RNase protection assays with either P19 stem cell mRNA (lane 1) or AdLacZ-infected P19 cell mRNA isolated at 2 h (lane 2), 4 h (lane
3), 6 h (lane 4), and 12 h (lane 5) postinfection (PI). In addition, RNase protection assays with AdHNF3α-infected P19 cell mRNA isolated
at 2 h (lane 6), 4 h (lane 7), 6 h (lane 8), and 12 h (lane 9) PI. For normalization purposes, signals of GAPDH-specific mRNA are shown
in the bottom panel. (B) Temporal profile of adenovirus-derived HNF-3β mRNA. To determine HNF-3β mRNA levels, RNase protection
assays were performed as described in (A) with antisense rat HNF-3β RNA probe. RNase protection assays with AdHNF3β-infected P19
cell mRNA isolated 2 h (lane 6), 4 h (lane 7), 6 h (lane 8), and 12 h (lane 9) PI and controls are described in (A).
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derived HNF-3β protein–DNA complex by addition
of the HNF-3β-specific antibody confirmed the pres-
ence of HNF-3β protein there (37).

Finally, coinfection experiments with an HNF-3-
dependent reporter construct demonstrated that the
adenovirus-transduced HNF-3α and HNF-3β proteins
were transcriptionally active. We first transfected an
HNF-3-dependent CAT reporter plasmid (30) into
P19 cells, then infected them with either AdHNF3α,
AdHNF3β, or AdLacZ, and then 24 h later we per-
formed CAT assays with protein extracts prepared
from these cells (see Materials and Methods). Both
AdHNF3α and AdHNF3β were potent activators of
HNF-3-dependent CAT reporter gene expression,
whereas no transcriptional activation was found with
AdLacZ infection, indicating that this stimulation was
specific (Fig. 4). In summary, these studies demon-
strated that adenovirus infections could increase lev-
els of transcriptionally active HNF-3α and HNF-3β
proteins.

HNF-3α Induces Expression of HNF-3β, Shh,
and TTR in F9 Cells

We have previously shown that retinoic acid-medi-
ated differentiation of F9 cells causes a cascade of
gene expression in which increased HNF-3α levels

Figure 3. DNA binding properties of adenovirus-derived HNF-3
proteins. (A) Time course of adenovirus-derived HNF-3α protein.
To determine HNF-3α mRNA levels, nuclear extracts were pre-
pared from P19 stem cells at various intervals following infection
with adenovirus (at a multiplicity of 20 pfu/cell) and used for gel
shift assays with an HNF-3 binding site from the TTR promoter
as described in Materials and Methods. Shown are gel shift assays
using nuclear extracts isolated from either P19 stem cells (lane 2)
or AdLacZ-infected P19 cells isolated at 24 h PI (lane 3) or AdH
NF3α-infected P19 cells isolated at 6 h (lane 4), 12 h (lane 5), 24
h (lane 6), 48 h (lane 7), and 72 h (lane 8) PI. Lane 1 contains
probe only. Lane 9 depicts a gel shift reaction carried out with
extract derived from AdHNF3α-infected P19 cells (prepared 24
h PI) and HNF-3α-specific antiserum, which disrupted HNF-3α

Figure 4. Activation of HNF-3 binding site-containing promoterprotein–DNA complex formation. (B) Time course of adenovirus-
by AdHNF3α and AdHNF3β. A CAT reporter construct that con-derived HNF-3β protein. To determine HNF-3β protein levels, gel
tained four contiguous HNF-3 binding sites fused to the minimalshift assays were performed as described in (A). Shown are gel
TATA sequence from the CMV promoter was transfected into P19shift assays using nuclear extracts isolated from either P19 stem
cells. Sixteen hours later, the transfected cells were infected withcells (lane 1), AdLacZ-infected P19 cells isolated at 24 h PI (lane
AdLacZ (lane 2), AdHNF3α (lane 3), or AdHNF3β (lane 4) at a2) or AdHNF3β-infected P19 cells isolated at 2 h (lane 3), 4 h
multiplicity of 20 pfu/cell. Twenty-four hours after the viral infec-(lane 4), 6 h (lane 5), 12 h (lane 6), and 24 h (lane 7) PI. Lane 8
tions, cell extracts were prepared and CAT assays were performeddepicts a gel shift assay performed with nuclear extracts prepared
as detailed in Materials and Methods. Lane 1 depicts a CAT assayfrom P19 cells infected with AdHNF3β at 24 h PI and HNF-3β-
carried out with cell extract prepared from transfected cells thatspecific antiserum, which supershifted the HNF-3β protein–DNA
had not been infected.complex.
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are observed first, followed by elevated HNF-3β, (Fig. 5A, HNF-3β lanes 7–9). These studies demon-
strate that although HNF-3α is involved in stimulat-which precedes activation of TTR (15,37). Because

HNF-3β Shh and TTR promoter regions contain ing endogenous HNF-3β expression in F9 cells, sus-
tained HNF-3α levels are not necessary to maintainHNF-3 binding sites (4,6,12,23,31), we next exam-

ined whether HNF-3α could mediate activation of HNF-3β expression. Furthermore, HNF-3α mediated
a later increase of TTR expression at 6 days PI,these genes in the absence of retinoic acid stimula-

tion. Infections of F9 cells with AdHNF3α (20 pfu/ which is 2 days after the induction of endogenous
HNF-3β levels (Fig. 5A, TTR lane 9). Control reac-cell) caused a large increase in rat HNF-3α levels

between 12 h and 3 days PI, with subsequent, gradual tions performed with either F9 stem cell mRNA or
AdLacZ-infected F9 cell mRNA (Fig. 5A lanes 1–2)decrease of these levels between 3 and 5 days PI (Fig.

5, HNF-3α panel). HNF-3α-mediated induction of demonstrated that induction of HNF-3β and transthy-
retin were specific for AdHNF3α infection. More-endogenous mouse HNF-3β, however, was not ob-

served until 4 days PI and elevated HNF-3β levels over, AdHNF3α infection of F9 cells stimulated a
transient increase in Shh expression between 12 h andwere sustained throughout the time points examined

Figure 5. HNF-3α induces HNF-3β Shh and TTR levels in F9 cells. F9 stem cells were infected with AdLacZ or AdHNF3α at a multiplicity
of 20 pfu/cell and total RNA was isolated at various intervals PI. RNase protection assays were performed by hybridizing 5 µg of RNA
with antisense RNA probes specific for either mouse HNF-3β, mouse transthyretin (TTR), mouse sonic hedgehog (Shh,) or rat HNF-3α as
described in Materials and Methods. (A) HNF-3α induces HNF-3β and TTR expression in F9 cells. RNase protection assays with indicated
probes and AdHNF3α-infected F9 cell mRNA isolated at 12 h (lane 3), 1 day (lane 4), 2 days (lane 5), 3 days (lane 6), 4 days (lane 7), 5
days (lane 8), and 6 days (lane 9) PI. Control lanes include RNase protection assays from F9 stem cells (lane 1) or AdLacZ-infected F9
cells isolated 3 days PI (lane 2). For normalization purposes, GAPDH mRNA was detected by RNase protection (bottom panel). (B) HNF-
3β induces Shh expression in F9 cells but not in fibroblasts. RNase protection assays with indicated probes and AdHNF3α-infected F9 cell
mRNA isolated at 12 h (lane 3), 1 day (lane 4), 2 days (lane 5), 3 days (lane 6), 4 days (lane 7), 5 days (lane 8), and 6 days (lane 9) PI.
RNase protection assays with indicated probes and AdHNF3α-infected fibroblast cell mRNA isolated at 12 h (lane 11), 1 day (lane 12) and
2 days (lane 13) PI. Controls lanes are identical to those described in (A).
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1 day PI during a period when HNF-3α levels are protein (compare Fig. 6B with Fig. 5B). This result
suggests that the HNF-3 proteins are not equivalentmaximal (Fig. 5B, Shh, lanes 3–4). By comparison,

AdHNF3α infection of fibroblasts caused elevated in their ability to activate target genes and that HNF-
3β is the preferred transcriptional regulator for theHNF-3α levels, but it was unable to stimulate Shh

expression in this cell type (Fig. 5B, lanes 11–13). Shh gene. Overall, this result is consistent with our
gene cascade model, in which HNF-3α induces HNF-Taken together, these results suggest that HNF-3α

mediates the induction of the endogenous mouse 3β and HNF-3β induces expression of the differentia-
tion-specific Ttr and Shh genes.HNF-3β, Shh, and TTR genes in F9 cells without

retinoic acid stimulation. Moreover, our studies indi- Although HNF-3α is a primary target gene for reti-
noic acid action (16), its promoter region containedcate that ectopic expression of HNF-3α stimulated

HNF-3β expression followed by TTR, which indi- an HNF-3 recognition site (34). We therefore exam-
ined whether elevated HNF-3β levels in F9 cellscates that the viral system recapitulates the expres-

sion pattern observed during retinoic acid-mediated could stimulate expression of HNF-3α. RNA was
prepared from F9 cells at different time points fol-F9 cell differentiation (15,37).

The HNF-1α, HNF-1β, and HNF-4α promoters lowing AdHNF3β infection, and HNF-3α activation
was assessed by RNase protection. Despite achievingcontain HNF-3 binding sites and are therefore puta-

tive targets for HNF-3α in F9 cells during retinoic elevated HNF-3β levels, this transcription factor was
not able to stimulate expression of the endogenousacid-mediated F9 cell differentiation (10,21,22,46,

49). Furthermore, expression of these transcription mouse Hnf3α gene (Fig. 6, HNF-3α panel). This re-
sult indicates that increased transcription of thefactors is activated after the appearance of HNF-3α

following retinoic acid stimulation. We therefore ex- Hnf3α gene requires additional factors that are stimu-
lated by the retinoic acid differentiation program.amined whether expression of HNF-1α, HNF-1β, or

HNF-4α could be affected by the HNF-3α transcrip- Similar to HNF-3α experiments in F9 cells, elevated
HNF-3β levels were also insufficient to stimulate ex-tion factors in F9 cells. F9 cells were infected with

AdHNF3α to elevate HNF-3α protein levels and pression of HNF-1α, HNF-1β, or HNF-4α (data not
shown).RNase protection assays indicated that HNF-3α alone

was insufficient to induce the expression of these
genes (data not shown). These studies demonstrate
that transcriptional activation of the HNF-1α, HNF- DISCUSSION
1β, and HNF-4α genes requires other regulatory pro-
teins induced by the retinoic acid differentiation Previous F9 cell differentiation studies demon-

strate that retinoic acid induces a cascade of gene ex-program.
pression in which induction of HNF-3α occurs first,
followed by increased HNF-3β levels and then stimu-Ectopic HNF-3β Levels in Mouse F9 Cells Are
lation of TTR expression (15,37). During F9 differen-Sufficient to Induce Expression of TTR and Shh
tiation, HNF-3α is a primary target of retinoic acid
action through a RARE sequence in its promoter re-Retinoic acid differentiation of F9 induces HNF-

3α first, followed by delayed stimulation of HNF-3β gion (16). HNF-3α expression is rapidly induced
within 6 h, peaks at 1 day postdifferentiation, andexpression (15,37). Because these HNF-3 proteins are

closely related, we next examined whether HNF-3β then declines to undetectable levels (16,37). The
HNF-3α peak is consistent with subsequent activa-could substitute for HNF-3α function and stimulate

TTR and Shh levels in the absence of retinoic acid tion of HNF-3β expression, whose kinetics of induc-
tion are associated with transcription of downstreamstimulation. In order to test our hypothesis, we in-

fected F9 cells with AdHNF3β, which provided max- target genes, Shh, TTR, HNF-1α HNF-1β, and HNF-
4α (15,16,37). The role of HNF-3 in regulating tran-imal HNF-3β levels at 2 days PI and gradually de-

clined until the 5-day time point (Fig. 6A, HNF-3β scription of these target genes is supported by the fact
that all of their promoter regions contain functionallanes 3–8). Longer exposure of the HNF-3β signal

demonstrated detectable HNF-3β levels throughout HNF-3 binding sites (4,6,12,23,31). In this study, we
examined whether increased HNF-3 levels are suffi-the time points examined (Fig. 6B). AdHNF3β infec-

tion mediated an increased in TTR expression be- cient to induce expression of its downstream target
genes without retinoic acid stimulation by using ade-tween 4 and 6 days PI, suggesting that high HNF-3β

levels were not required to maintain TTR transcrip- novirus-based expression vectors to increase HNF-3
protein levels in F9 cells. We demonstrate that adeno-tion (Fig. 6, lanes 7–9). Moreover, elevated HNF-3β

levels provided greater stimulation of Shh expression virus-mediated increase of HNF-3α levels in F9 cells
is sufficient to induce activation of endogenous HNF-in F9 cells than had been observed with the HNF-3α
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Figure 6. HNF-3β stimulates TTR and Shh expression but not HNF-3α in F9 cells. F9 stem cells were infected with AdLacZ or AdHNF3β
at a multiplicity of 20 pfu/cell and RNA was isolated at various intervals postinfection (PI). RNase protection assays were performed by
hybridizing 5 µg of RNA with antisense probes for either mouse TTR, Shh, or rat HNF-3β as described in Materials and Methods. (A)
HNF-3β stimulates TTR expression in F9 cells. RNase protection assays with indicated probes and AdHNF3β-infected F9 cell mRNA
isolated at 12 h (lane 3), 1 day (lane 4), 2 days (lane 5), 3 days (lane 6), 4 days (lane 7), 5 days (lane 8), and 6 days (lane 9) PI. (B) HNF-
3β stimulates Shh expression in F9 cells. RNase protection assays with indicated probes and AdHNF3β-infected F9 cell mRNA isolated at
12 h (lane 2), 1 day (lane 3), 2 days (lane 4), 3 days (lane 5), and 4 days (lane 6) PI. (C) Overexpression of HNF-3β in F9 cells does not
activate HNF-3α. RNase protection assays with indicated probes and AdHNF3β-infected F9 cell mRNA isolated 12 h (lane 2), 1 day (lane
3), 2 days (lane 4), 3 days (lane 5), and 4 days (lane 6) after adenoviral infection. Controls are described in Figure 5 legend.

3β, TTR, and Shh expression. Furthermore, we show derived HNF-3α alone is sufficient to induce tran-
scription of endogenous HNF-3β. While HNF-3αthat elevated HNF-3β levels are also sufficient to

stimulate endogenous TTR and Shh expression with- transcription was detectable within 1 day postinfec-
tion, HNF-3β expression was first seen 4 days postin-out retinoic acid stimulation. Moreover, ectopic

HNF-3 levels were found to be insufficient to induce fection (see Fig. 5). Currently, the mechanism caus-
ing delayed induction of HNF-3β expression remainsHNF-3α, HNF-1α, HNF-1β, and HNF-4α expres-

sion, suggesting that their transcriptional activation uncharacterized. One possibility is that a certain level
of virus-derived HNF-3α protein is required to in-requires other regulatory proteins induced by the reti-

noic acid differentiation program. duce transcription of the HNF-3β gene. Alternatively,
HNF-3α may stimulate expression of additional tran-Our studies clearly demonstrate that adenovirus-
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scription factors that participate, in concert with during F9 cell differentiation (10,21,22,46,49). More-
over, use of Hnf3β-deficient ES cells for EB-medi-HNF-3α, in the activation of HNF-3β transcription.

Further studies are needed to discriminate between ated in vitro differentiation toward visceral endoderm
demonstrates that HNF-3β is essential for the regula-these possibilities.

Overexpression of HNF-3α was sufficient to acti- tion of the HNF-3α, HNF-1α, and HNF-4α transcrip-
tion factors (11). In our current study, we demon-vate TTR gene expression without retinoic acid stim-

ulation. However, transthyretin induction occurred strated that ectopic expression of neither HNF-3α nor
HNF-3β alone resulted in activation of these tran-relatively late, 6 days postinfection (see Fig. 5). Be-

cause of this delayed induction of transthyretin, we scription factors in F9 cells (data not shown). Fur-
thermore, we show that HNF-3β alone is insufficientreasoned that HNF-3α induces transthyretin tran-

scription in an indirect manner. Our model proposes to activate expression HNF-3α in F9 cells despite the
fact that its promoter region contains an HNF-3 rec-that HNF-3α activates expression of HNF-3β, which

in turn induces transcription of the Ttr gene. In order ognition site (34). These results suggest that tran-
scriptional activation of the HNF-3α promoter re-to test this hypothesis, we used adenovirus to ectopi-

cally express HNF-3β in F9 cells and assayed for quires binding of other regulatory proteins that are
activated by the retinoic acid differentiation pathwayTTR expression at various intervals PI. Our F9 cell

experiments showed that high HNF-3β levels stimu- (16). Likewise, because retinoic acid induces expres-
sion of the HNF-1α, HNF-1β, and HNF-4α transcrip-lated TTR expression within 4 days PI whereas HNF-

3α required 6 days to induce TTR expression when tion factors in F9 cells, our data suggest that retinoic
acid-induced transcription factors, in addition toonly elevated HNF-3β levels were observed. This

temporal profile is clearly consistent with our hypoth- HNF-3 proteins, are required for their transcriptional
activation. In combination with visceral endodermesis and suggests that HNF-3β, not HNF-3α, directly

participates in the induction of TTR expression. In Hnf3β −/− genetic data (11), our results indicate that
HNF-3 proteins are necessary but not sufficient forsummary, our studies favor the following model for

the participation of HNF-3 factors during F9 cell dif- induced expression of HNF-3α, HNF-1α, HNF-1β,
and HNF-4α in F9 cells.ferentiation. Treatment of F9 cells with retinoic acid

leads to the induction of HNF-3α, which is a primary In summary, we demonstrate that adenovirus medi-
ated increase of HNF-3α levels in F9 cells is suffi-target and directly interacts with retinoic acid recep-

tors (16). HNF-3α then participates in the activation cient to induce activation of endogenous HNF-3β,
which precedes activation of the presumed targetof a second set of transcriptional activators such as

HNF-3β. Our model proposes that HNF-3β regulates genes, TTR and Shh. We show that elevated HNF-
3β levels resulted in stimulated expression of endoge-expression of tissue-specific genes including TTR.

This model is further supported by our F9 cell studies nous Ttr and Shh genes without retinoic acid differen-
tiation. Moreover, ectopic HNF-3 levels alone weredemonstrating that ectopic HNF-3β levels resulted in

more significant induction of Shh expression com- unable to induce a number of other potential HNF-3
target genes, suggesting that their induced expressionpared with only minimal induction by elevated HNF-

3α levels. Consistent with these studies, ectopic ex- required other transcription factors that are stimulated
by the retinoic acid differentiation program. Finally,pression experiments in zebrafish demonstrated that

increased levels of HNF-3β (Axial) alone is sufficient our studies demonstrate the utility of cell infections
with adenovirus expressing distinct transcription fac-to induce endogenous Shh expression (4), which is

an important signal transduction pathway in develop- tors to identify endogenous target genes, which are
assembled with the appropriate nucleosome structure.ment of numerous organ systems (25,26,32,48).

Besides HNF-3α, HNF-3β, and TTR, retinoic acid-
mediated F9 cell differentiation leads to the induction
of a set of transcription factor genes (HNF-1α, HNF-
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