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The winged helix transcription factor, hepatocyte nuclear factor-3b (HNF-3b), mediates the hepatocyte-
specific transcription of numerous genes important for liver function. However, the in vivo role of HNF-3b in
regulating these genes remains unknown because homozygous null HNF3b mouse embryos die in utero prior
to liver formation. In order to examine the regulatory function of HNF-3b, we created transgenic mice in which
the 23-kb transthyretin promoter functions to increase hepatocyte expression of the rat HNF-3b protein.
Postnatal transgenic mice exhibit growth retardation, depletion of hepatocyte glycogen storage, and elevated
levels of bile acids in serum. The retarded growth phenotype is likely due to a 20-fold increase in hepatic
expression of insulin-like growth factor binding protein 1 (IGFBP-1), which results in elevated levels in serum
of IGFBP-1 and limits the biological availability of IGFs required for postnatal growth. The defects in glycogen
storage and serum bile acids coincide with diminished postnatal expression of hepatocyte genes involved in
gluconeogenesis (phosphoenolpyruvate carboxykinase and glycogen synthase) and sinusoidal bile acid uptake
(Ntcp), respectively. These changes in gene transcription may result from the disruptive effect of HNF-3b on
the hepatic expression of the endogenous mouse HNF-3a,-3b, -3g, and -6 transcription factors. Furthermore,
adult transgenic livers lack expression of the canalicular phospholipid transporter, mdr2, which is consistent
with ultrastructure evidence of damage to transgenic hepatocytes and bile canaliculi. These transgenic studies
represent the first in vivo demonstration that the HNF-3b transcriptional network regulates expression of
hepatocyte-specific genes required for bile acid and glucose homeostasis, as well as postnatal growth.

The liver performs essential functions in the body by
uniquely expressing both hepatocyte-specific genes encoding
plasma proteins and enzymes involved in the detoxification and
in the homeostasis of glucose, cholesterol, and bile salts (4).
Functional analysis of numerous hepatocyte-specific promoter
and enhancer regions reveals that they are composed of mul-
tiple cis-acting DNA sequences that bind different families of
hepatocyte nuclear factors (HNF) (reviewed in reference 4).
These include the HNF-1, HNF-3, HNF-4, CCAAT/enhancer
binding protein (C/EBP), HNF-6, and fetoprotein transcrip-
tion factor families (4, 29, 15, 52, 53, 57). Although none of
these transcriptional regulatory proteins is entirely liver spe-
cific, the requirement for combinatorial protein interactions
among them in order to achieve abundant transcriptional ac-
tivity plays an important role in maintaining hepatocyte-spe-
cific gene expression.

The HNF-3 proteins are members of an extensive family of
transcription factors that share homology in the winged helix
DNA binding domain and use a modified helix-turn-helix motif
to bind DNA as a monomer (8, 37). To date, the winged helix
family consists of over 50 members, which play important roles
in the differentiation of distinct cellular lineages in C. elegans,
Drosophila, rodents, and humans (25). The rodent HNF-3a,

-3b, and -3g proteins were originally identified as factors me-
diating liver-specific transcription of the transthyretin (TTR)
(10, 27, 28) gene, encoding a serum carrier protein of thyroxine
and vitamin A, and were later shown to regulate the expression
of other genes critical for liver function. Subsets of these he-
patocyte genes include the serum carrier proteins albumin, a-
fetoprotein, and apolipoprotein AI (21, 34, 39); the cholesterol
7a-hydroxylase (Cyp7A) enzyme involved in bile acid synthesis
(9, 40, 71); and the glucose metabolism enzymes 6-phospho-
fructo-2-kinase/fructose-2,6-bisphosphatase (PFK-2) and glu-
cose 6-phosphatase (G6P) (31, 33, 54). HNF-3 proteins also
recognize the insulin response elements of phosphoenolpyru-
vate carboxykinase (PEPCK) and insulin-like growth factor
binding protein 1 (IGFBP-1) genes (66, 72) and participate in
growth hormone activation of insulin-like growth factor 1
(IGF-1) (43). A hepatoma cell line which expresses a domi-
nant-negative HNF-3 mutant specifically extinguished tran-
scription of HNF-3 target genes (68). In support of HNF-3’s
role in regulating the transcription of hepatocyte-specific genes
during early mouse liver development, induction of albumin
expression during hepatic specification coincides with in vivo
footprinting of the HNF-3 binding sites in the albumin en-
hancer region (78). Moreover, in vivo footprinting and nucleo-
some assembly studies of the 210-kb albumin enhancer region
have demonstrated that the HNF-3 proteins are involved in
organizing the nucleosome architecture of the albumin en-
hancer sequences (7, 38, 60).

In the mouse embryo, HNF-3b expression initiates during
gastrulation in the node, notochord mesoderm, and floorplate
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neuroepithelium and in visceral and definitive endoderm (2,
41, 56, 59). Consistent with this expression pattern, homozy-
gous null Hnf3b embryos die in utero because of defective
formation of the node, notochord, and visceral endoderm,
which are required for development of the primitive streak
during gastrulation and inductive signaling for neurotube for-
mation (1, 73). Tetraploid rescue of the visceral endoderm
defect in Hnf3b2/2 embryos restored normal primitive streak
morphogenesis, but the embryos failed to undergo proper gas-
trulation because they were still missing the node and noto-
chord and did not develop foregut and midgut endoderm (12).
This Hnf3b2/2 embryo defect has thereby precluded examina-
tion of the in vivo function of HNF-3b in the regulation of its
hepatocyte target genes.

To assess the role of HNF-3b in hepatocyte-specific gene
regulation, we have increased hepatocyte HNF-3b levels in
transgenic mice using the 23-kb TTR promoter region (74, 76,
77). Our studies show that postnatal transgenic mice exhibit
growth retardation, diminished liver glycogen storage, and el-
evated levels of bile acids in serum. These defects are coinci-
dent with diminished postnatal expression of hepatocyte genes

involved in glucose and bile acid homeostasis. Furthermore,
the TTR–HNF-3b transgenic mice display increased hepatic
expression of IGFBP-1, which limits the biological effects of
IGFs necessary for postnatal growth. Elevated HNF-3b levels
also caused diminished hepatic expression of the endogenous
mouse HNF-3a, -3b, -3g, and -6 transcription factors, which
may contribute to the observed changes in hepatocyte-specific
gene expression. Moreover, we can state with certainty that
diminished transgenic levels of HNF-3 and HNF-6 were specific
because we observed normal adult hepatic expression of the
HNF-1a, HNF-4a, C/EBPa, and C/EBPb transcription factors.

MATERIALS AND METHODS

Generation of TTR–HNF-3b transgenic mice. The TTR minigene construct
(Fig. 1A) consists of the 23-kb TTR promoter region, the first and second TTR
exons fused to the simian virus 40 (SV40) 39-end and poly(A) sequences (74, 76,
77). The 1.6-kb rat HNF-3b cDNA was excised with EcoRI, blunt ended with
Klenow fragment of DNA polymerase I, and ligated into a unique StuI site
located in the second exon of the pTTR-exv3 minigene vector (Fig. 1A). The
6.0-kb HindIII fragment containing the 23-kb TTR promoter driving the rat
HNF-3b cDNA expression was purified and then used to generate transgenic
CD-1 mice as described previously (77). Four of the 51 CD-1 mice that were born

FIG. 1. The 23-kb TTR promoter directs hepatic HNF-3b transgene expression. (A) Representation of the mouse 23-kb TTR promoter–HNF-3b transgene
construct. Transgenic mice were created with the 23-kb TTR promoter region (striped box) driving expression of the rat HNF-3b cDNA (open box), which was cloned
into the TTR second exon (solid box) that contains the SV40 polyadenylation signal (10, 74, 76, 77). (B) Southern blot analysis of wild-type (WT) and transgenic liver
DNA. Genomic DNA was prepared from P8, P17, P24, and adult transgenic (T-60 and T-77) and wild-type mouse livers, digested with BglII, and then analyzed by
Southern blots using the 59 BglII rat HNF-3b cDNA probe (see panel A). Indicated are the positions of hybridizing BglII bands from wild-type and transgenic (TG)
loci and a band resulting from partial digestion (p). (C) Analysis of HNF-3b transgene expression in mouse liver. Total liver RNA was isolated from either P17 (lanes
1 to 4) or adult (lanes 5 to 10) liver and used for RNase protection assays with the TTR-SV40 transgene antisense-labeled RNA probe (see Materials and Methods).
As reported previously, RNase protection of the HNF-3b transgene produces a 310-nucleotide product (TG), whereas RNase protection of the endogenous mouse TTR
second exon yields a 90-nucleotide band (74, 76, 77). (D) Analysis of rat HNF-3b transgene expression in mouse liver. Total liver RNA from either P17 (lanes 1 to
3) or adult mouse (lanes 4 to 8) liver was used for RNase protection assays of the rat HNF-3b antisense-labeled RNA probes. Note that hepatic mRNA levels of the
HNF-3b transgene in the T-60 transgenic line displays a 50% reduction from P17 to adult mice, whereas its expression displays a twofold increase in the T-77 line during
the same time period. (E) Increased hepatic HNF-3b protein levels in the T-77 transgenic mouse line. HNF-3b protein expression was analyzed in liver protein extracts
from either wild-type or T-77 transgenic (5-week-old) mice by Western blot analysis using an affinity-purified HNF-3b antibody (see Materials and Methods).
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carried the TTR–HNF-3b transgene as identified by PCR analysis of genomic
DNA extracted from mouse tails using primers described previously (74, 76, 77).
The genotypes of PCR-positive mice were verified by Southern blot analysis
using BglII digestion of genomic DNA and hybridization with a 500-nucleotide
probe generated from the 59 end of the rat HNF-3b cDNA as depicted in Fig. 1B.
Two individual founder TTR–HNF-3b transgenic mice (T-60 and T-77) were
mated with CD-1 wild-type mice to generate F1 transgenic mice, which were used
for analysis of the liver phenotype. A third transgenic mouse died shortly after
weaning and a fourth transgenic founder (T-74) was a female possessing a mosaic
transgene integration, as evidenced by the fact that 1 of her 14 offspring was
transgenic (this line was not further analyzed).

Immunohistochemical staining and PAS-glycogen staining of paraffin-embed-
ded liver sections. Livers were dissected from wild-type or transgenic embryos,
postnatal mice, or adult mice, fixed in 4% paraformaldehyde in phosphate-
buffered saline (PBS) at 4°C overnight, dehydrated, and embedded in paraffin. A
microtome was used to make serial 7-mm sections of liver, which were collected
on Superfrost Plus slides (Fisher), dried on a 40°C slide warmer overnight, and
processed for immunohistochemistry using the microwave-based antigen re-
trieval method as described previously (77, 79). The sections were blocked with
3% normal serum and incubated with primary antibody diluted in 1% normal
serum in Tris-buffered saline (TBS) overnight at 4°C (HNF-3b monoclonal
antibody [4C7] was obtained from the University of Iowa Developmental Studies
Hybridoma Bank; 1:4 dilution). Sections were then washed in TBS three times
and incubated with secondary antibody diluted in 1% normal serum in TBS for
1 h at room temperature. Primary antibodies were detected using secondary
anti-mouse immunoglobulin G coupled with horseradish peroxidase staining
using the appropriate substrates (Vector Labs). Paraffin-embedded liver sections
from postnatal wild-type and transgenic (T60 and T77) mice were stained for
glycogen using the periodic acid-Schiff (PAS) reaction as described by Frederiks
et al. (14).

HNF-6 antibody, EMSA, and Western blot. For the generation of an HNF-6
specific antibody, HNF-6 N-terminal sequences (amino acids 1 to 289) were
fused to the glutathione S-transferase (GST) protein. Recombinant HNF-6 pro-
tein was isolated from bacterial cultures, purified to homogeneity via glutathione
affinity chromatography (44), and used to immunize rabbits (rabbit immunization
with GST–HNF-6 antigen was performed by the Biological Research Laboratory
at the University of Illinois at Chicago [UIC]). Electrophoretic mobility shift
assay (EMSA) with liver nuclear extracts and a high-affinity HNF-6 DNA binding
site (derived from the HNF-3b promoter) was used to assess the specificity of the
HNF-6 antibody by altering or supershifting the migration of the HNF-6 protein–
DNA complex (50, 57). The supershift assay involved a preincubation step of
liver nuclear protein extracts with either preimmune or HNF-6 rabbit antiserum
(0.5 or 1 ml) for 45 min at room temperature prior to the EMSA binding reaction
with the HNF-6 DNA binding site as described previously (50, 52, 57). We also
included a blocking control which involved the addition of the GST–HNF-6
fusion protein (antigen) during the preincubation step. Recombinant GST pro-
tein was used to remove GST-specific antibodies and GST–HNF-6 fusion protein
was used to affinity purify the HNF-6 antibody following protocols described
previously (77). For Western blot analysis using the HNF-6 antibody, total liver
protein extract was isolated from either wild-type or T-77 transgenic mice (5
weeks old) using a polytron homogenizer following the protocol described by
Tsutsui et al. (65). A portion (200 mg) of total liver protein was subjected to
sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) and
then analyzed by Western blotting with either affinity-purified HNF-6 or HNF-3b
antiserum (50, 57) using the ECL Plus Western blot detection reagents as
described by the manufacturer (Amersham Pharmacia Biotech).

Serum preparation and analysis. Mice were anesthetized with methoxyflurane
(Metofane; Schering-Plough Animal Health Corp., Union, N.J.), and a syringe
was used to draw blood from the beating mouse heart through the atrium. Serum
was generated from the blood following coagulation at 37°C for 30 min and at
4°C overnight, and precipitate was removed by centrifugation. The determina-
tion of the levels in serum of all bile acids, IGF-1, glucagon, and insulin and the
levels in serum of postnatal day 8 (P8), P17, and adult wild-type, T-60, and T-77
mice were determined by Ani Lytics, Inc., Gaithersburg, Md. The serum mea-
surements for eight wild-type and eight adult T-77 mice were also determined by
the Biological Research Laboratory at UIC.

Western IGF-1 ligand blotting and immunoprecipitation of serum IGF bind-
ing proteins. Serum (2 ml) from 5-week-old T-77 transgenic or wild-type mice
was loaded for nonreducing SDS-PAGE onto a 4 to 20% gradient gel and then
transferred to nitrocellulose for Western blot analysis with IGF-1 ligand. Mem-
branes were blocked, probed with [125I]IGF-I and IGFBPs were detected by
autoradiography, as previously reported (67). To examine levels in serum of
immunoreactive IGFBP-1, specific antibodies for rodent IGFBP-1 (67) were
adsorbed onto Pansorbin beads prior to incubation with serum (10 ml) from T-77
and wild-type mice. Bound proteins were eluted by heating with 13 nonreducing
Laemmli sample buffer for 10 min at 100°C and then loaded for SDS-PAGE and
Western ligand blotting as described above.

Light and transmission electron microscopy. Mouse livers were perfusion
fixed through the heart with 2.5% glutaraldehyde in PBS. The livers were re-
moved and immersed in the same fixative for 2 additional days at 4°C. Several
1-mm3 cubes were removed from the liver, washed three times in PBS, and then
postfixed in aqueous 1% OsO4–1% K3Fe(CN)6 for 1 h. Following three PBS

washes, the pellet was dehydrated through a graded series of 30 to 100% etha-
nol–100% propylene oxide and then infiltrated in a 1:1 mixture of propylene
oxide-Polybed 812 epoxy resin (Polysciences, Warrington, Pa.) for 1 h. After
several changes of 100% resin over 24 h, the pellet was embedded in molds and
cured at 37°C overnight, followed by additional hardening at 65°C for two more
days. Ultrathin (60-nm) sections were collected on 200-mesh copper grids and
stained with 2% uranyl acetate in 50% methanol for 10 min, followed by 1% lead
citrate for 7 min. Sections were photographed using a JEOL JEM 1210 trans-
mission electron microscope (JEOL, Peabody, Mass.) at 80 or 60 kV onto
electron microscope-film (ESTAR thick base; Kodak, Rochester, N.Y.) and
printed onto photographic paper. Thick sections (300 nm) were heated onto glass
slides and stained with filtered 0.5% aqueous toluidine blue. Digital images of
thick sections were acquired on a Nikon Microphot-FXL microscope equipped
with a Sony 3CCD color video camera. Electron micrographs were digitized on
a flatbed scanner at 400 pixels/in. (StudioStar; Agfa). Digitized images were
assembled into montages using Adobe Photoshop 5.0.

RNA extraction and RNase One protection assay. Total RNA was extracted
from mouse liver by an acid guanidium-thiocyanate-phenol-chloroform extrac-
tion method using RNA-STAT-60 (Tel-Test B, Inc., Friendswood, Tex.). RNase
protection assay was performed with [a-32P]UTP-labeled antisense RNA syn-
thesized from plasmid templates with the appropriate RNA polymerase as pre-
viously described (10, 77). Quantitation of expression levels was done with
scanned X-ray films using the BioMax 1D program (Kodak).

Synthesis of antisense TTR transgene, rat HNF-3b, and rat C/EBPb probes
was as described previously (50, 74, 76, 77). T7 RNA polymerase was used to
synthesize the mouse HNF-3g (accession no. X74938; bp 1354 to 1584), mouse
HNF-3b (accession no. X74937; bp 1337 to 1668), and mouse HNF-3a (acces-
sion no. X74936; bp 1 to 150) probes using EcoRI-digested pBluescript (pBS)
templates. SP6 RNA polymerase was used to synthesize the mouse HNF-6a
probe (accession no. U95945; bp 1432 to 1603) using PvuII-digested pGEM2
template. T7 RNA polymerase was used to synthesize the mouse HNF-1a probe
(accession no. M57966; bp 383 to 769) using BamHI-digested pCRII template.
SP6 RNA polymerase was used to synthesize the rat C/EBPa probe (accession
no. NM_012524) using PvuII-digested pGEM-1 template. T3 RNA polymerase
was used to synthesize the Rat HNF-4a probe (accession no. X57133; a gift from
F. Sladek) using XhoI-digested pBS template. T3 RNA polymerase was used to
synthesize the sister of rat P-glycoprotein (SPGP) probe (a gift from R. Green)
using StyI-digested pBS template. SP6 RNA polymerase was used to synthesize
the rat cholesterol 7a-hydroxylase (Cyp7A) probe (a gift from J. Y. Chiang)
using EcoRI-digested pGEM-1 template.

The following RNase protection probes were isolated by reverse transcription-
PCR of adult mouse liver RNA (primer sequences are written in the 59-to-39
direction) and cloned into the pBS template, and antisense RNA probes were
synthesized with either T7 RNA polymerase using NotI-digested template or T3
RNA polymerase using XhoI-digested template. T7 RNA polymerase was used
to synthesize the canalicular multispecific organic anion transporter probe
(cMoat: GACGGATAGCCTCATTCAGACG and AACTGTGTATCTGTGC
CCCTATGAC), the organic anion-transporting polypeptide probe (Oatp: CGC
ATAACTCCTCAGGATGCTC and TGGTAAGGATGCTTCTCAGAGACC),
the Na1-taurocholate cotransporting polypeptide probe (Ntcp; TGGAGTTCA
GCAAGATCAAGGC and GGAGCAGGTGGTCATCACAATG), the glyco-
gen phosphorylase probe (GP; CAATGTGGAGATGGCAGAGGAAG and
ATGATGTCTTTGAAGAGGTCTGGC), the glycogen synthase probe (GS;
GGGGAAGACAGTGAGCGTTATG and TCAAGAGTCTGGAGTGGGGT
TCAG), and the G6P probe (G6P; TACCAAGGGAGGAAGGATGGAG and
AAGACGAGGTTGAACCAGTCTCCG). T3 RNA polymerase was used to
synthesize the glucokinase probe (GK; ACTTGAGGCAGCTATGTGCAGG
and GCTGTCTCCAGAATCTGTGTACTG), the phosphoenolpyruvate car-
boxykinase probe (PEPCK; GCTGTGCCAGCCAGAGTATATTCAC and
AATGATGACCGTCTTGCTTTCG), the PFK-2 probe (GTTGCGGTTTTTG
ATGCCAC and TCCTCATCCAAAGGTTGGTAGTTG), and the IGFBP-1
probe (GATCGCCGACCTCAAGAAATG and ATGGGTAGACACACCAG
CAGAGTC) using HindIII-digested pBS template and the IGFBP-3 probe (CC
AACCTGCTCCAGGAAACATC and ACCGTATTCTGTCTCCCGCTTAG)
and the IGF-1 probe (CGTCTTCACACCTCTTCTACCTGG and ATGTGGC
ATTTTCTGCTCCGTGGG) using EcoNI-digested pBS template. Finally, SP-6
RNA polymerase was used to synthesize the multidrug resistance 2P-glycopro-
tein probe (mdr2; GCGGAATTCAGGCTGTGGTTTCCCCAGG and GCGG
GATCCCCTGATGCTGCCTAGTTCAAA) using EcoRI-digested pGEM-1
template.

Methylation interference footprinting of the IGFBP-1 promoter sequence with
recombinant HNF-3b protein. A double-stranded oligonucleotide containing
285 through 2122 bp upstream from the transcription start site of the rat
IGFBP-1 promoter was cloned into the MluI site of the pGL2 polylinker by
blunt-end ligation (66). The polylinker was cut with HindIII, then treated with
alkaline phosphatase, and finally cut again with SmaI and gel purified. The probe
was labeled by end labeling with either T4 polynucleotide kinase in the presence
of [g-32P]ATP or (exo-)Klenow in the presence of [a-32P]dATP. The labeled
probe was partially methylated with DMS (57); then 25 fmol was incubated with
500 ng of bacterially expressed GST–HNF-3b (44). Free and bound probes were
separated by nondenaturing 6% PAGE and then excised, eluted, and purified
with ELUTIPs as described by the manufacturer (Schleicher & Schuell). Probes
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were ethanol precipitated in the presence of 25 mg of tRNA per ml and redis-
solved in sodium phosphate-EDTA buffer. The amounts of counts and tRNA in
the free and bound probes were equalized. G and A residues were cleaved under
alkaline conditions (probes were heated to 90°C for 15 min, cooled, and then
heated again following the addition of NaOH). Cleavage products were precip-
itated with ethanol and sodium acetate and then redissolved and loaded for
electrophoresis on an 8% polyacrylamide sequencing gel.

RESULTS

Hepatocyte expression of the HNF-3b transgene in T-60 and
T-77 mouse lines. In order to examine the role of HNF-3b in
liver function, we created transgenic CD-1 mice in which the
23-kb TTR promoter region was used to increase hepatocyte
expression of the rat HNF-3b cDNA (74, 76, 77; Fig. 1A). Tail
DNA from potential transgenic mice was screened for the
presence of the TTR minigene by PCR analysis, and two trans-
genic CD-1 mouse lines (T-60 and T-77) were established for
further characterization (data not shown). A 59 HNF-3b
cDNA probe was used to hybridize Southern blots containing
size-fractionated BglII-digested genomic DNA prepared from
either postnatal or adult transgenic mouse liver (Fig. 1A).
Transgenic mouse genomic DNA from all stages of postnatal
liver development possessed two hybridizing BglII bands: one
corresponded to the endogenous mouse HNF-3b gene, and the
other corresponded to an internal transgene fragment which is
common to both mouse lines (Fig. 1B). To determine expres-
sion levels of the rat HNF-3b transgene during postnatal liver
development, we performed RNase protection assays using
total liver RNA with either the TTR transgene or the rat
HNF-3b probes (see Materials and Methods). While the T-77
livers displayed a twofold increase in hepatic mRNA levels of
the HNF-3b transgene from P17 to 6 weeks old, the T-60 line
exhibited a 50% decline in hepatic transgene expression during
the same postnatal period (Fig. 1C and D). To measure hepatic
HNF-3b protein levels, liver protein extracts were prepared
from either wild-type or T-77 transgenic mice (5 weeks old)
and then used for Western blot analysis with affinity-purified
polyclonal HNF-3b antibody (50). The Western blot demon-
strates that the T-77 liver protein extracts displayed a fivefold
increase in hepatic HNF-3b protein levels compared to wild-
type liver extracts (Fig. 1E).

To further determine the HNF-3b protein levels in devel-
oping transgenic hepatocytes, an HNF-3b monoclonal anti-
body was used for immunohistochemical staining of paraffin-
embedded liver sections prepared from either wild-type or
transgenic (T-60 and T-77) mice. Embryonic day 17.5 (E17.5)
and P8 transgenic mouse livers (T-60 and T-77) exhibited sim-
ilar increases in levels of HNF-3b protein in hepatocytes (Fig.
2B, C, E, and F) compared to endogenous HNF-3b expression
in wild-type livers (Fig. 2A and D). However, P17 livers from
T-60 transgenic mice displayed a reduction in the number of
hepatocytes expressing abundant levels of HNF-3b protein
(Fig. 2H), which continues in older T-60 transgenic liver (Fig.
2K, arrows). By contrast, T-77 hepatocytes continued to abun-
dantly express the HNF-3b transgene protein (Fig. 2I and L)
compared to wild-type liver (Fig. 2G and J). Southern blot
analysis of T-60 liver DNA from postnatal and adult transgenic
mice showed that postnatal decline in transgene expression
was not due to genomic rearrangement of the transgene (Fig.
1B). One possible explanation for the loss of T-60 transgene
expression is that it has integrated into a chromosomal locus
which is transcriptionally repressed in postnatal hepatocytes.

Postnatal reduction in TTR–HNF-3b transgenic mouse size
correlates with increase in hepatic IGFBP-1 expression. We
noted that, during the breeding process, both TTR–HNF-3b
transgenic mouse lines weighed 50% less than their wild-type

littermates by P10 and that this difference in body weight was
more pronounced in the P30 mice of both transgenic lines (Fig.
3A and B). We were able to determine that this defect in
postnatal growth is not due to hypoglycemia because compa-
rable glucose levels were observed in the serum of postnatal
transgenic and wild-type mice (Table 1). RNase protection
assays were used to determine if there was an alteration in the
hepatic expression of HNF-3b target genes that are required
for postnatal growth. These include the growth hormone-reg-
ulated IGF-1A gene (3, 43, 49) and the gene encoding IG-
FBP-1, which limits the biological activity of serum IGFs (16,
51, 66). RNase protection assays demonstrated that postnatal
T-60 and T-77 transgenic livers exhibited significant reductions
in IGF-1A mRNA levels compared to wild-type livers (Fig.
3C). Consistent with reduced levels of the HNF-3b transgene
protein in the adult T-60 liver, IGF-1A expression is normal,
whereas in the adult T-77 line its hepatic mRNA levels remain
diminished (Fig. 3D). Despite this reduction in the postnatal
hepatic expression of IGF-1A, T-77 mice exhibited normal
IGF-1 levels in serum compared to their P17 wild-type litter-
mates (Table 1). This result suggests that the dramatic reduc-
tion in transgenic mouse size is unlikely due to diminished
hepatic expression of IGF-1A. In P17 transgenic livers, we
found an approximately 20-fold increase in the hepatic expres-
sion of IGFBP-1 (Fig. 3C), and this increase became less pro-
nounced in adult transgenic mice (Fig. 3D). In contrast, the
transgenic mice exhibited normal hepatic mRNA levels of an-
other IGF carrier protein, IGFBP-3 (data not shown). Western
blotting of serum followed by ligand binding with radioactively
labeled IGF-1 protein reveals that the levels of 32-kDa IGF
binding proteins are increased in serum from 5-week-old T-77
transgenic compared to wild-type mice, while the levels of 45-
to 50-kDa and 24-kDa IGFBPs (corresponding to IGFBP-3
and -4, respectively) are similar in transgenic and wild-type
mice (Fig. 3E, Neat panel). To determine whether this increase
in 32-kDa IGFBPs reflects a change in the circulating levels of
IGFBP-1, the IGFBP-1 protein was immune precipitated from
either T-77 or wild-type mouse serum and then Western blots
were analyzed for IGF-1 ligand binding (see Materials and
Methods). Immunoreactive IGFBP-1 is readily detected in se-
rum from T-77 transgenic but not wild-type mice, demonstrat-
ing that circulating levels of IGFBP-1 are markedly increased
in the T-77 transgenic mouse line. The retarded growth of the
TTR–HNF-3b transgenic mice is thus consistent with trans-
genic mouse studies demonstrating that increased hepatic ex-
pression of IGFBP-1 causes significant reductions in postnatal
growth (16, 51). Methylation interference footprinting of the
IGFBP-1 insulin response element (IRE) with recombinant
HNF-3b protein demonstrates that this promoter sequence
specifically binds the HNF-3b protein (Fig. 3F). Previous co-
transfection studies demonstrated that HNF-3b protein is ca-
pable of stimulating IGFBP-1 promoter activity and that this
transcriptional activation required retention of the HNF-3
binding sequence (66). Taken together, these studies are con-
sistent with documentation regarding the ability of HNF-3b to
stimulate transcription of the IGFBP-1 gene in vivo.

T-77 line exhibits diminished hepatocyte expression of the
endogenous mouse HNF-3 isoforms and HNF-6. We next ex-
amined the possibility that observed changes in T-77 liver gene
expression were mediated by altered expression of other liver
transcription factors. To avoid cross-hybridization with the rat
HNF-3b transgene, we used antisense RNA probes made to
the divergent untranslated portion of the mouse HNF-3a,
HNF-3b, and HNF-3g genes for RNase protection assays (Fig.
4). To our surprise, P8 livers from both transgenic lines exhib-
ited diminished expression of the endogenous mouse HNF-3a,
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FIG. 2. Transgenic hepatocytes display an increase in HNF-3b protein expression. To determine HNF-3b protein expression, paraffin sections of wild-type (WT;
A, D, G, and J) or transgenic (T-60 [B, E, H, and K] and T-77 [C, F, I, and L]) mouse liver were prepared from E17.5 embryos (A to C) or P8 (D to F), P17 (G to
I), or P30 (J to L) mice and used for immunohistochemical staining with a monoclonal HNF-3b antibody (The University of Iowa Developmental Studies Hybridoma
Bank). Hepatocyte expression of HNF-3b protein is more abundant in E17.5 (B and C) and P8 (E and F) transgenic liver than in wild-type liver (A and D). Continued
abundant expression of HNF-3b protein in PI7 (I) and P30 (L) hepatocytes of the T-77 transgenic mice compared to wild-type liver (G and J) was seen. In T-60
transgenic mice, the number of hepatocytes displaying abundant expression of HNF-3b protein (indicated by arrows) diminishes by P17 (H) and is greatly reduced in
P30 (K) liver.
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FIG. 3. Reduction in postnatal growth of TTR–HNF-3b transgenic mice coincides with increased liver expression of IGFBP-1. (A) Transgenic mice are retarded
in postnatal growth. Shown graphically are the mean weights (n 5 3, 6 the standard error) of wild-type (WT) and transgenic (T-60 and T-77) mice at the indicated
postnatal days (P2, P10, P20, and P30). (B) Photograph of P5 transgenic mouse (T-60) and wild-type littermate showing the reduction in transgenic mouse size. (C)
Postnatal transgenic livers exhibit increased levels of IGFBP-1 mRNA expression. Total RNA was prepared from postnatal wild-type and transgenic mouse livers, and
RNase protection assays were used to analyze for expression of IGF-1A, IGFBP-1, and cyclophilin. A cyclophilin RNase-protected band was used as a normalization
internal control, and representative RNase protection assays displaying increased levels of IGFBP-1 mRNA and diminished expression of IGF-1A in postnatal
transgenic livers compared to wild-type livers are shown. (D) Adult transgenic livers exhibit increased levels of IGFBP-1 mRNA expression. Shown are representative
RNase protection assays from two distinct mice showing that postnatal transgenic livers express increased IGFBP-1 mRNA levels compared to wild-type livers. (E)
Increased IGFBP-1 levels in T-77 transgenic line serum using Western ligand blotting and immunoprecipitation of IGFBP-1. Ligand blotting of circulating IGFBPs in
5-week-old wild-type and T-77 transgenic (Tg) mice (Neat labeled panel). IGFBPs in serum from wild-type and transgenic mice were separated by 4 to 20% nonreducing
SDS-PAGE and then transferred to nitrocellulose and probed with [125I]IGF-I prior to autoradiography at 270°C with enhancing screens. Immunoprecipitation of
circulating IGFBP-1 (anti-BP-1 panel). Serum from wild-type and transgenic mice was incubated with specific anti-IGFBP-1 antibodies bound to Pansorbin beads.
Bound proteins were eluted with Laemmli sample buffer and then loaded for SDS-PAGE and ligand blotting. Small amounts of 45-kDa IGFBP-3 bound nonspecifically
to Pansorbin beads (67) and were detected in precipitates from both transgenic and wild-type sera. (F) Recombinant HNF-3b protein specifically binds to the insulin
response element of the IGFBP-1 promoter. Methylation interference experiment demonstrates that methylation of the indicated G or A residues (arrows) of the
IGFBP-1 promoter sequence at from 2112 to 286 bp prevents binding of the recombinant HNF-3b protein.
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HNF-3b, HNF-3g, and HNF-6 transcription factors when nor-
malized to cyclophilin mRNA levels (Fig. 4A). Postnatal or
adult livers of the T-77 transgenic line continued to display
significant decreases in the expression of the HNF-3 and
HNF-6 transcription factors and yet normal adult levels of
HNF-4a, HNF-1a, C/EBPa, and C/EBPb (Fig. 4B). We next
generated a polyclonal antibody specific to the mouse HNF-6
protein, which allowed us to determine HNF-6 protein expres-
sion in the T-77 transgenic liver (see Materials and Methods).
The specificity of the HNF-6 antibody was confirmed by its
ability to alter the migration of the liver derived HNF-6 pro-
tein–DNA complex (supershift) in EMSA (Fig. 4C, lanes 3 and
4, indicated by arrows); this supershifted complex is not ob-
served in preimmune serum (Fig. 4C, lane 2), and its formation
is inhibited by the addition of the GST–HNF-6 fusion protein
(antigen; Fig. 4C, lane 5). To measure hepatic HNF-6 protein
levels, liver protein extracts were prepared from either wild-
type or T-77 transgenic mice (5 weeks old) and used for West-
ern blot analysis with affinity-purified HNF-6 antibody (Fig.
4D). The Western blot demonstrated that HNF-6 protein was
not detectable in T-77 liver extracts (Fig. 4D, lanes 3 and 4)
compared to wild-type liver protein (Fig. 4D, lanes 1 and 2),
confirming reduction of hepatic HNF-6 protein levels in trans-
genic liver. These results suggest that reduced transcription of
a subset of HNF-3 and HNF-6 target genes may contribute to
the T-77 liver phenotype. By P17, the T-60 line has lost abun-
dant hepatic expression of the HNF-3b transgene protein and
hepatic expression levels of HNF-6 and HNF-3 recover (Fig.
4E and data not shown). These studies demonstrate that the
T-77 transgenic liver expresses primarily the HNF-3b isoform,
in contrast to normal hepatocyte expression of three HNF-3
isoforms, and exhibits significant reductions in HNF-6 levels.

Diminished hepatocyte glycogen storage in TTR–HNF-3b
transgenic mouse livers. We next examined the possibility that
transgenic mice were deficient in hepatocyte glycogen storage.
Livers from postnatal wild-type and transgenic (T60 and T77)
mice were stained for glycogen using the PAS reaction (glyco-
gen is stained magenta) (14). Although the transgenic mouse
livers possessed normal glycogen stores immediately postpar-
tum (Fig. 5A to C), by P8 diminished hepatocyte glycogen
levels were observed (Fig. 5D to F). By P17, however, the T-60
mice regained their ability to store hepatic glycogen (Fig. 5G
and H), which occurs concomitant with the reduction in HNF-
3b transgene protein expression (Fig. 2H). Postnatal T-77
transgenic livers continued to exhibit reduced hepatic glycogen
levels compared to age-matched wild-type littermates or T-60
transgenic mice (Fig. 5G to L).

Because serum insulin and glucagon levels are normal in the
TTR–HNF-3b transgenic mouse lines (Table 2), we hypothe-
size that hepatic glycogen depletion is due to altered expres-

sion of genes involved in glucose homeostasis. Indeed, P8 mice
from both transgenic lines exhibited a reduction in hepatic
expression of the HNF-3 target gene enzyme PEPCK (Fig. 6A)
(72). PEPCK is the rate-limiting enzyme involved in glucone-
ogenesis, and its decreased levels are consistent with hepato-
cyte glycogen depletion (20). Furthermore, we observed a 50%
decline in hepatic levels of glycogen synthase mRNA, which is
also consistent with a reduction in hepatocyte glycogen stor-
age. Interestingly, postnatal livers from both transgenic lines
exhibited an increase in expression of the glucokinase gene,
which remained elevated in P17 livers of the T-77 line (Fig. 6A
and B). In P8 transgenic mice, we also observed a transient
decrease in hepatic expression of the glycogen phosphorylase
gene, which encodes the enzyme involved in glycogen mobili-
zation. Normal hepatic expression of G6P was observed in all
of the transgenic lines except in adult T-60 liver (Fig. 6). We
observed elevated hepatic expression of the HNF-3–HNF-6
target gene enzyme PFK-2 (31, 32) in P8 and adult T-77 mice.
Both P17 and adult T-77 liver continued to express reduced
levels of PEPCK and glycogen synthase (GS) whereas its ex-
pression was restored in adult livers of T-60 mice which no
longer expressed the HNF-3b transgene (Fig. 6B and C). This
analysis suggests that hepatic expression of GS, PEPCK, and
PFK-2 is altered in the T-77 line and that these changes are
likely to contribute to the glycogen storage defects.

Elevated levels of bile acids and liver enzymes in serum in
T-77 transgenic mice. In order to examine whether the HNF-
3b transgene is influencing other liver functions, we deter-
mined the postnatal levels in serum of glucose, bilirubin, bile
acids, and liver aminotransferases (Tables 1 and 2, ALT and
AST) and alkaline phosphatase enzymes from the T-77 line.
Serum parameters from P8 transgenic mice were similar to
those from wild-type littermates, suggesting that postnatal trans-
genic liver function was normal (Table 1, T-77). This result
supports the hypothesis that postnatal defects in hepatocyte
glycogen storage were specific to elevated HNF-3b transgene
expression rather than being caused by nonspecific effects from
liver dysfunction. As early as P17, however, the T-77 transgenic
mice began to exhibit elevated levels of bile acids and liver
aminotransferase in serum, the latter of which suggests that
some hepatocyte damage has occurred (Table 1) (22, 35). P17
transgenic mice displayed levels of alkaline phosphatase and
bilirubin in serum identical to those of wild-type mice, indicat-
ing that there was no evidence of hepatic biliary damage or
liver dysfunction. Despite hepatocyte glycogen storage defects,
the postnatal T-77 transgenic mice were not hypoglycemic (Ta-
ble 1). By 6 weeks of age, however, most of the T-77 transgenic
mice were jaundiced, with serum bilirubin levels of .1 mg/dl
(T-77J, Table 2), and they exhibited a 50-fold increase in levels
of bile acids in serum compared to either wild-type littermates

TABLE 1. Postnatal transgenic and wild-type mouse serum analysisa

Strain
Mean level in serum 6 SD of:

IGF-1 (ng/ml) Bilirubin (mg/dl) Bile acid (mmol/liter) AST (U/liter) ALT (U/liter) AP (U/liter) Glucose (mg/dl)

P8
Wild type NDb 0.95 6 0.3 20 6 4 428 6 146 99 6 35 464 6 98 70 6 24
T-77 ND 0.75 6 0.2 20 6 15 540 6 209 154 6 40 797 6 98 39 6 10

P17
Wild type 487 6 33 0.75 6 0.4 19.5 6 4.2 191 6 44 15.8 6 7.6 700 6 62 32 6 23
T-77 433 6 63 0.55 6 0.2 107 6 99.5 403 6 187 68 6 23 572 6 155 60.8 6 17.2

a Mouse serum was isolated from postnatal day 17 (P17) TTR–HNF-3b transgenic and wild-type mice, and serum measurements were determined by Ani Lytics, Inc.
The serum measurements are expressed as the mean and standard deviation from four mice. Abbreviations: aspartate aminotransferase (AST), alanine aminotrans-
ferase (ALT), alkaline phosphatase (AP).

b ND, not determined.
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or the T-60 mice (Table 2). Although the levels of liver ami-
notransferase and alkaline phosphatase in serum were elevated
in adult T-77 mice (6 weeks old; T-77J, Table 2), the observed
increases in serum enzyme levels are not indicative of extensive
biliary and hepatocyte damage. For example, mouse tail vein
injection of adenovirus induces extensive liver hepatitis, and
they displayed 10 times higher liver enzyme levels than those

found in the adult T-77 mice (30). Moreover, a subset of adult
T-77 transgenic mice exhibited proper liver function, as evi-
denced by normal serum bilirubin levels (nonjaundiced; T-
77NJ, Table 2), but they still possessed elevated levels of liver
enzymes and bile acids in serum.

Diminished hepatocyte expression of bile acid and phospho-
lipid transporters in T-77 mice. One likely explanation for

FIG. 4. T-77 transgenic liver exhibits reduced hepatic expression of HNF-3 isoforms and HNF-6. Total RNA was prepared from either P8, P17, or 6-week-old adult
wild-type (WT) and transgenic mouse livers, and RNase protection assays were used to analyze for expression of rat HNF-3b, HNF-4a, C/EBPa, and C/EBPb and
mouse HNF-3a, HNF-3b, HNF-3g, HNF-6, HNF-1a, and cyclophilin. To perform this RNase protection analysis, we used antisense RNA probes made to the
untranslated portion of the mouse HNF-3a, HNF-3b, and HNF-3g genes which would not cross-hybridize with the rat HNF-3b transgene. Shown are representative
RNase protection assays performed on at least two wild-type and T-77 livers each from either P8 (A) or P17 and adult (6-week-old) mice (B). Panel A also shows the
RNase protection assay for a single P8 liver from a T-60 mouse. The numbers below panels reflect the fold induction of transgenic liver mRNA levels compared to
wild-type liver following normalization to the cyclophilin signal. (A and B) T-77 transgenic liver displays reduced mRNA levels of HNF-3a, HNF-3b, HNF-3g, and
HNF-6 but normal levels of C/EBPa, C/EBPb, HNF-4a, and HNF-1a. P8 liver from the T-60 line shows similar decreases in mRNA levels of the HNF-3 and HNF-6
transcription factors. (C) HNF-6 antibody alters the migration of the HNF-6 protein–DNA complex. To examine specificity of the HNF-6 antibody, liver nuclear extracts
were preincubated with buffer (lane 1), preimmune serum (lane 2), or 0.5 ml (lane 3) or 1 ml (lane 4) of HNF-6 antiserum and used for EMSA with the high-affinity
HNF-6 DNA binding site (see Materials and Methods). The HNF-6 antibody altered or supershifted the migration of the hepatic HNF-6 protein–DNA complex
(position indicated by arrow), and the supershifted complex formation was competed by inclusion of the GST–HNF-6 fusion protein in the preincubation step (lane
5). (D) HNF-6 protein expression is significantly decreased in T-77 transgenic mouse liver. HNF-6 protein expression was analyzed in liver protein extracts from either
wild-type (lanes 1 and 2) or T-77 transgenic (lanes 3 and 4) mice by Western blot analysis using an affinity-purified HNF-6 antibody (see Materials and Methods). HNF-6
protein was not detectable in T-77 liver extracts compared to wild-type liver extracts. (Note that identical extracts were used for the HNF-3b Western blot in panel E.)
(E) Normal hepatic levels of HNF-3 and HNF-6 in P17 and adult T-60 mice. RNase protection assay with P17 or 6-week-old mouse liver RNA from the T-60 line
displays normal endogenous mouse expression of HNF-6 and HNF-3b transcription factors, which is consistent with diminished levels of HNF-3b transgene protein.
The TTR band is used to normalize signals.
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FIG. 5. Diminished hepatic glycogen storage in postnatal TTR–HNF-3b transgenic mice. Liver sections from wild-type (WT) and transgenic (T-60 and T-77) mice
at P1 (A to C), P8 (D to F), P17 (G to I), P30 (J to K), or P28 (L) were stained with PAS (14) reagent to determine the hepatocyte glycogen content (stains magenta).
(A to C) Transgenic and wild-type P1 livers store normal levels of glycogen. (D and E) Diminished hepatic glycogen storage in P8 transgenic liver. (G to I) Reduced
hepatic glycogen storage in P17 transgenic liver of the T-77 but not the T-60 line, the latter of which correlates with a decline in HNF-3b transgene protein expression
(Fig. 2). (J to L) Continued depletion of hepatic glycogen levels in P30 transgenic livers of the T-77 line.
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elevated levels of bile acids in serum in the T-77 mouse line is
diminished hepatic expression of bile transporters which are
involved in recycling serum bile acids (reabsorbed from the
intestine) back into the hepatic biliary system (42, 64). Hepa-
tocyte reuptake of serum-conjugated bile salts is mediated by
the basolateral (sinusoidal) sodium-taurocholate cotransporter
protein (Ntcp; Fig. 7A). Conjugated bile acids are then trans-
ported across the apical (canalicular) hepatocyte membrane
into the bile canaliculi by the ATP-dependent bile transporter
named sister of P-glycoprotein (Spgp) (42, 64). The basolateral
multispecific organic anion-cation transporting polypeptide
(Oatp) is involved in the reuptake of unconjugated bile salts,
organic anion, and lipophilic compounds from the sinusoidal
circulation (42, 64). RNase protection assays with T-77 post-
natal and adult liver RNA reveal a substantial reduction in
Ntcp expression, but its hepatic levels are only slightly reduced
in T-60 mice (Fig. 7B and C). These results indicated that
diminished hepatic expression of Ntcp precedes the increase in
the levels of bile acids in serum, suggesting that its downregu-
lation is specific to HNF-3b transgene levels. By contrast,
mRNA levels of the canalicular Spgp bile transporter were
normal in transgenic adult livers and exhibited only transient
reductions in P8 transgenic livers (Fig. 7B and D). Expression
of conjugated bilirubin canalicular multispecific organic anion
transporter (cMoat) and Oatp was not significantly reduced in
either postnatal or adult transgenic livers (Fig. 7B and D).
These data suggest that diminished expression of Ntcp in the
livers of postnatal T-77 transgenic mice is coincident with early
onset of and persistence of increased bile acid levels in serum
(Tables 1 and 2).

Another candidate gene involved in bile acid homeostasis is
the canalicular multidrug resistance 2 (mdr2) P-glycoprotein,
which transports intracellular phospholipids into bile secretion
(Fig. 7A) and mediates protection of the biliary epithelial cells
from bile injury. Homozygous null Mdr2 mice display extensive
damage to the liver parenchyma and biliary system and ele-
vated levels of liver enzymes in serum and die postnatally of
liver failure (62). Consistent with the mdr2 knockout pheno-
type, the increase in T-77 biliary and hepatocyte damage ob-
served by 6 weeks of age is coincident with a 93% reduction in
hepatic mdr2 mRNA levels, but its expression levels are nor-
mal in younger P17 transgenic livers (Fig. 7C and data not
shown). These results suggest that reduction in the adult T-77
liver expression of mdr2 may contribute to the damage of
hepatocytes and the biliary tree.

Transmission electron microscopy of T-77 transgenic livers
shows bile canalicular damage and disruption of hepatocyte
apical tight junctions. To examine the extent of abnormal
hepatic architecture, wild-type and transgenic mouse livers
were examined by light microscopy and processed for exami-

nation by transmission electron microscopy (see Materials and
Methods). Light micrographs of P17 liver sections stained with
toluidine blue displayed aberrant T-77 liver morphology (Fig.
8C) compared to its age-matched wild-type littermates (Fig.
8A). Although most bile canaliculi are intact in P17 livers from
the T-77 line, several of them are visibly open to the basolat-
eral domain (compare Fig. 8B and D, between arrowheads).
The T-77 transgenic hepatocytes also contain large vacuoles,
an increase in lipid-storing vesicles, and a complete absence of
glycogen (Fig. 8C and D). Transmission electron microscopy of
adult wild-type liver (Fig. 9 and 10A) shows the normal liver
ultrastructure, with a single row of hepatocytes bordered on
either basolateral side by sinusoids and on the apical side are
tight junctions with intact bile canaliculi (Fig. 9 and 10A, ar-
rowheads). In comparison with the wild-type adult liver, the
ultrastructure of the T-60 hepatocytes is essentially normal, but
they contain large vacuoles and the glycogen content appears
increased and more dispersed throughout the cytoplasm (Fig.
10B). Transgenic hepatocytes from 3-month-old T-77 mice
continue to display large vacuoles that often displace the he-
patocyte nuclei, increased lipid-containing vesicles, and an ab-
sence of glycogen (Fig. 10C and D). The endothelium lining of
the T-77 hepatic sinusoids is damaged, as evidenced by the lack
of microvilli at the basolateral domain within the space of
Disse, and the transgenic liver shows disruption of the bile
canaliculi and basolateral tight junctions between hepatocytes
(Fig. 10C, between arrows, and 10D). Despite the damage to
the T-77 bile canaliculi, small and large intrahepatic bile ducts
remain intact (Fig. 9, right panels and data not shown). More-
over, in a few areas of P17 and adult transgenic liver sections
there is evidence of periportal fibrosis and an influx of immune
cells (Fig. 8C and 10D). These studies demonstrate that, at 3
months of age, the T-77 adult livers display injury to the bile
canaliculi and disruption of hepatocyte tight junctions.

DISCUSSION

Homozygous null Hnf3b mice die in utero at 10 days post-
coitum, thereby precluding examination of the in vivo function
of HNF-3b in the regulation of hepatocyte-specific gene tran-
scription (1, 73). To perform the study reported here, we cre-
ated transgenic mice that display increased hepatocyte HNF-
3b levels and then assessed the consequences of elevated
HNF-3b on hepatocyte-specific gene regulation. The trans-
genic mice are smaller than their wild-type littermates and
exhibit elevated levels of bile acids in serum and an absence of
hepatic glycogen storage. We show that these defects are co-
incident with diminished expression of hepatocyte genes in-
volved in glucose homeostasis (PEPCK and glycogen synthase)
and sinusoidal bile acid uptake (Ntcp). Retarded postnatal

TABLE 2. Serum analysis of T-60 and T-77 TTR–HNF-3b transgenic mice

Strain (age)

Mean level in serum 6 SD of:

Bilirubin
(mg/dl)

Bile acid
(mmol/liter)

Bile acid
change (fold)

AST
(U/liter)

ALT
(U/liter)

AP
(U/liter)

Glucose
(mg/dl)

Insulin
(ng/ml)

Glucagon
(pg/ml)

Wild type (adult) 0.15 6 0.02 19.3 6 10.5 Normal 96 6 8 29 6 8 88 6 15 240 6 22 ND ND
T-60 (adult) 0.5 6 0.1 24.7 6 7.1 Normal 95.7 6 28.3 27.7 6 9.1 125 6 79.8 196 6 49.8 1.5 6 1.0 39.7 6 11.5
T-77 NJ (6 wk) 0.4 6 0.1 333 6 67 13.5 549 6 78 316 6 124 358 6 240 195 6 53 1.0 6 0.4 55.5 6 13.8
T-77 J (6 wk) 4.5 6 2.6 1,226 6 429 50 322 6 87 196 6 68 380 6 162 138 6 31 ND ND
Reference range 0.00–0.90 15–50 72–288 24–140 45–222 124–262 0.40–2.40 25–90

a Mouse serum was isolated from TTR–HNF-3b transgenic mouse lines T-60 (no liver phenotype) and T-77. We analyzed T-77 transgenic mice at 6 weeks that were
either nonjaundiced (T-77 NJ) or jaundiced (T-77 J) as evidenced by serum bilirubin levels of greater than 1.4 mg/dl. Shown is the fold change in bile acid levels in
serum of the T-77PJ or T-77J transgenic compared to wild-type mice. The serum measurements are expressed as the mean and standard deviation from the following
numbers of mice: T-60 (three mice), T-77 NJ (three mice), and T-77J (seven mice). Abbreviations are defined in Table 1, footnote a.
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growth is coincident with an increase in hepatic IGFBP-1 lev-
els, which limits the biological effects of IGFs in the circulation
and in target tissues. The observed phenotypes may also result
from diminished expression of the HNF-3a,-3b, -3g, and -6
transcription factors, suggesting that increased HNF-3b levels
disrupted the normal hepatocyte expression of liver transcrip-
tion factors. We were able to determine that these changes in
hepatocyte gene expression are specific to the HNF-3b trans-
gene because they were also observed in P8 livers of the T-60
line when those hepatocytes were still expressing the HNF-3b
transgene protein. Furthermore, transgenic liver displayed sus-
tained, normal hepatic expression levels of genes involved in
bile acid transport (Spgp and Oatp), glucose homeostasis (G6P
and GP), and IGFBP-3, as well as the other liver transcription

factors HNF-1a, HNF-4a, C/EBPa, and C/EBPb. We can also
conclude that this altered hepatic gene expression is not due to
liver hepatitis because transgenic hepatocytes were not prolif-
erating (data not shown), nor did they exhibit changes in
C/EBPa, C/EBPb, and Spgp mRNA levels, which change dra-
matically in regenerating and acute-phase livers (11, 48, 69).
Furthermore, the levels of liver enzymes in the serum of adult
T-77 transgenic mice were 10-fold lower than those found in
adenovirus-infected mice with hepatitis (30).

The TTR–HNF-3b transgenic mouse phenotype involves
disruption of the HNF-3 isoforms and HNF-6 transcription
factors. Our transgenic mouse analysis demonstrates that the
T-77 transgenic liver expresses primarily the HNF-3b isoform,
instead of the normal hepatocyte expression of all three HNF-

FIG. 6. Hepatocyte glycogen storage defect in T-77 transgenic livers coincides with reduced expression of the gluconeogenic enzyme PEPCK. (A) Postnatal T-77
transgenic liver exhibits reduced expression of glucose homeostasis genes. Total RNA was prepared from wild-type (WT) and transgenic mouse liver (P8, P17, and
6-week-old adults), and RNase protection assays were used to analyze the expression of the gluconeogenic PEPCK and G6P, glucokinase (GK), PFK-2, glycogen
phosphorylase (GP), glycogen synthase (GS), and cyclophilin. A cyclophilin RNase-protected band was used as a normalization internal control. Indicated below each
panel is the normalized fold induction of transgenic liver expression compared to wild-type liver. Shown are representative RNase protection assays using two distinct
transgenic or wild-type livers. (A) P8 transgenic livers from either the T-60 or T-77 transgenic line express diminished mRNA levels of GS and PEPCK and exhibit
elevated levels of glucokinase and PFK-2 mRNA. (B) Diminished GS and PEPCK and elevated glucokinase mRNA levels continue in P17 transgenic liver from the
T-77 line. (C) Diminished GS and PEPCK and elevated PFK-2 mRNA levels continues in adult transgenic liver from the T-77 line.

8274 RAUSA ET AL. MOL. CELL. BIOL.



3 isoforms. The presence of the HNF-3b protein alone in
transgenic hepatocytes may influence the transcription of a
subset of genes in which the DNA regulatory region is recog-
nized by a distinct HNF-3 isoform, as has been observed in
TTR regulatory sequences (28, 58). One potential mechanism
mediating diminished expression of the endogenous HNF-3
genes involves the direct binding of the HNF-3b transgene
protein to its autoregulatory sites in the HNF-3a and HNF-3b
promoter regions (45, 46). In this model, the HNF-3 binding
site may function to diminish HNF-3a and HNF-3b gene tran-
scription in response to an excess of HNF-3b protein. The
transgenic livers also display significant reductions in HNF-3g
expression, but its promoter has not been characterized in
detail, and we are therefore unable to propose a model for its
diminished hepatic expression. In postnatal T-60 and T-77
transgenic livers, we also observed a significant decrease in
HNF-6 expression, suggesting that we have created a hepato-
cyte-specific ablation of HNF-6. Although we do not know
whether HNF-3b mediates a direct or indirect downregulation
of HNF-6 expression, it is likely that reduced transcription of

the HNF-6 target gene contributes to the T-77 liver phenotype.
Moreover, because HNF-6 is known to transcriptionally acti-
vate the HNF-3b promoter (29, 52, 57), another possibility is
that diminished HNF-6 expression is contributing to reduced
expression of the endogenous mouse HNF-3b gene. Previous
cotransfection studies demonstrated that HNF-6 is also capa-
ble of stimulating HNF-4a promoter activity, suggesting that
HNF-6 may regulate transcription of the HNF-4a gene in
developing and adult livers (29). In spite of diminished hepatic
levels of HNF-6 in the T-77 mice, adult hepatic expression of
HNF-4a was not affected. This result suggests that the HNF-6
to HNF-4a regulatory pathway is not essential for the mainte-
nance of adult hepatic HNF-4a expression in vivo.

Which of the HNF-3 target genes are involved in retarded
postnatal growth and defects in hepatocyte glycogen storage?
IGFBP-1 gene expression is activated by the winged helix tran-
scription factor, Fkhr, which recognizes the IRE in its pro-
moter region (6, 19). IGFBP-1 promoter activation is nega-
tively regulated by insulin through Akt (protein kinase B)-
mediated phosphorylation of fkhr, which causes cytoplasmic

FIG. 7. T-77 transgenic liver exhibits reduced hepatic expression of sinusoidal bile acid transporters and canalicular bile phospholipid transporters. (A) Schematic
representation of the sinusoidal and canalicular bile acid, organic acid phospholipid, and bilirubin transporter proteins. Shown is the sinusoidal (basolateral) Ntcp, the
Oatp, and the canalicular (apical) mdr2 P-glycoprotein phospholipid transporter, Spgp ATP-dependent bile transporter (also known as bile salt export pump), and
bilirubin canalicular multispecific organic anion transporter (cMoat; also known as cmrp2). The double arrow indicates that Oatp can transport organic anions in both
directions. Total RNA was prepared from P8, P17, and adult wild-type and transgenic mouse livers, and RNase protection assays were used to analyze for expression
of Ntcp, Oatp, Spgp, Mdr2, cMoat, and cyclophilin. Indicated below each panel is the normalized fold induction of transgenic liver expression compared to wild-type
liver. (B) Decreased Ntcp mRNA levels in postnatal T-77 transgenic livers. (C) Adult T-77 transgenic liver (6 weeks old) exhibited diminished expression of Ntcp and
Mdr2. (D) Adult T-77 transgenic liver exhibited normal levels of Spgp and cMoat mRNAs.
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FIG. 8. Morphology and ultrastructure of livers from P17 wild-type and T-77 transgenic mice. Livers were obtained from P17 mice and processed for transmission
electron microscopy as described in Materials and Methods. (A) Light micrograph of toluidine blue-stained 300-mm section of P17 wild-type mouse liver shows nor-
mal architecture with intact bile ducts (BD). (B) The ultrastructure from these wild-type livers also displays normal architecture with intact bile canaliculi (BC) at the
apical membrane domain, abundant glycogen (p) in the cytoplasm, and hepatic sinusoidal (S) plate structure. (C) Light micrograph of toluidine blue-stained
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retention of fkhr protein. In the current study, reduction in
postnatal transgenic mouse growth is coincident with stimu-
lated hepatic expression of the IGFBP-1 gene. Methylation
interference experiments demonstrate that HNF-3b protein
specifically binds the IGFBP-1 promoter region, and previous
NIH 3T3 cell cotransfection studies showed that retention of
this HNF-3 binding sequence is necessary to mediate HNF-3b
activation of IGFBP-1 promoter expression (66). The elevated
hepatic IGFBP-1 levels in postnatal T-60 and T-77 transgenic
mice confirm these transfection studies by demonstrating that
HNF-3b is also able to activate IGFBP-1 expression in vivo.
Furthermore, we demonstrated that elevated hepatic expres-
sion of IGFBP-1 resulted in a significant increase in levels of
IGFBP-1 in transgenic mouse serum (Fig. 3E). Although
IGFBP-3 is the predominant serum carrier protein for IGF-1
(55), increased expression of IGFBP-1 in transgenic mice
causes significant reductions in postnatal growth, confirming its
role in regulating the biological activity of IGFs (16, 51). The
increase in hepatic expression and the resulting increase in
serum IGFBP-1 levels therefore provides a plausible explana-
tion for the reduction in postnatal growth of the TTR–HNF-3b
transgenic mouse lines. Paradoxically, despite reduced hepatic
expression of IGF-1 in postnatal T-77 transgenic mice, they
displayed normal levels of IGF-1 protein in serum. One pos-
sible explanation for this result resides in the ability of in-
creased levels of IGFBP-1 in serum to mediate the stabiliza-
tion of serum IGF-1 protein (18). Furthermore, recent
conditional knockout mouse studies demonstrated that, al-
though hepatocyte-specific ablation of the IGF-1 gene caused
a 75% reduction in serum IGF-1 levels, the mice still exhibited
normal postnatal growth (61, 75). These studies support the
hypothesis that reduced postnatal growth of the TTR–HNF-3b
transgenic mice is due to increased hepatic IGFBP-1 expres-
sion, with no reduction in serum IGF-1.

The TTR–HNF-3b transgenic mouse livers possessed nor-
mal glycogen stores immediately postpartum, but their hepa-
tocyte glycogen levels were diminished by P8. This result sug-
gests that postnatal transgenic hepatocytes are unable to
maintain normal glycogen levels. The decreased hepatocyte
glycogen storage capability of transgenic livers is not due to
liver dysfunction, because glycogen depletion was evident in P8
livers when the transgenic mice exhibited normal levels in
serum of bilirubin, bile acids, and liver enzymes. The glycogen
storage defect is coincident with diminished expression of the
PEPCK gene, which is activated in postnatal liver and is the
rate-limiting enzyme in the gluconeogenic pathway (20). Al-
though the HNF-3b protein is known to activate expression of
the PEPCK promoter region (72), we observed that increased
hepatocyte HNF-3b levels mediate decreases in postnatal
PEPCK mRNA levels. A 50% reduction in hepatic PEPCK
mRNA levels was observed in homozygous null HNF-3g mice
even though they exhibited elevated hepatic expression of the
other two HNF-3 isoforms (24). Our study supports this result
in that normal expression of PEPCK requires the HNF-3g
isoform and increased HNF-3b levels are insufficient to sustain
normal hepatic levels of PEPCK mRNA. Furthermore, we also
observed a 50% decline in hepatic expression of the glycogen
synthase gene, which is consistent with diminished glycogen
storage in transgenic hepatocytes. Similar to the TTR–HNF-3b

transgenic mice, the C/EBPa2/2 mice exhibit postnatal defects
in hepatic glycogen storage resulting from reduced induction
of hepatic expression of PEPCK and glycogen synthase (70).
We also noted significant increases in postnatal transgenic
expression of glucokinase, suggesting that glucokinase tran-
scription may be regulated by HNF-3b protein. Consistent with
this possibility, the human glucokinase promoter contains a
consensus HNF-3 binding site (797/2784; AcTATTGACTgA).
Postnatal and adult transgenic liver exhibited elevated PFK-2
mRNA levels, which confirms its transcriptional regulation by
HNF-3 (31). Because PFK-2 is a bifunctional enzyme whose
products influence gluconeogenesis, its increase in transgenic
hepatocytes may also contribute to diminished hepatic glyco-
gen stores (23). More recently, HNF-6 protein has been shown
to inhibit glucocorticoid hormone induction of PFK-2 gene
transcription through direct interaction with the glucocorticoid
receptor DNA-binding domain (47). Another possibility is that
diminished HNF-6 protein levels in the T-77 transgenic liver
may lead to elevated glucocorticoid induction of the PFK-2
gene and contribute to its increased hepatic expression.

Diminished expression of hepatic Ntcp and mdr2 in T-77
transgenic mice leads to elevated serum bile acids and exten-
sive liver damage, respectively. Hepatocytes synthesize and
secrete bile acids which are stored in the gallbladder and re-
leased into the intestine to emulsify fat for digestion (42).
Approximately 90% of the bile acids are reabsorbed from the
ileum, transported through the hepatic vein to the sinusoidal
circulation, and recycled back into the hepatic biliary system by
hepatocyte bile acid transporter proteins (13, 63). The majority
of hepatocyte reuptake of bile salts from the hepatic sinusoidal
circulation is mediated by the basolateral Ntcp (42). Bile is
then transported against a concentration gradient across the
apical hepatocyte membrane into the bile canaliculi by the
ATP-dependent Spgp bile transporter (17, 42). In P8 trans-
genic T-77 mice, we show that abrogated hepatic expression of
the sinusoidal bile acid transporter protein, Ntcp, precedes
elevated levels of bile acids in serum. This result indicates that
downregulation of hepatic Ntcp levels is likely due to the HNF-
3b transgene rather than increased serum levels of bile acids
(26). The T-60 line exhibited no increases in serum bile acid
levels (data not shown). A plausible explanation is found in our
observation that a transient decrease in P8 hepatic expression
of Ntcp is insufficient to elicit elevated levels of bile acids in the
serum of T-60 mice. These results strongly support the hypoth-
esis that continued downregulation of hepatic Ntcp levels in
the T-77 line diminishes bile acid reuptake and contributes to
the elevated levels of bile acids in serum. Consistent with the
role of HNF-6 in regulating Ntcp expression, the Rat Ntcp pro-
moter region contains a consensus HNF-6 binding site (2758/
2770; TTTATTGACTgTT) which is recognized by recombi-
nant HNF-6 protein and mediates its transcriptional activation
by HNF-6 (F. M. Rausa, S. Karpen, and R. H. Costa, unpub-
lished results). These results suggest that diminished hepatic
expression of HNF-6 may also contribute to reduced transcrip-
tion of Ntcp in the T-77 liver. Coincident with increased levels
of bile acids in the serum of T-77 mice, we observed an 80%
decrease in P17 hepatic mRNA levels of cholesterol 7a-hy-
droxylase (Cyp7A; data not shown), the rate-limiting enzyme
involved in the synthesis of bile acids from cholesterol (5).

300-mm section of P17 liver from the T-77 transgenic line shows bile ducts (BD) that appear normal and intact, but some periportal fibrosis is evident (p). Many
hepatocytes in T-77 transgenic livers display lipid accumulation (arrows), and some areas are filled with immune cells (IC). (D) A high-magnification view of P17
transgenic liver from the T-77 line displays aberrant morphology. Many hepatocytes display large vacuoles (V), as well as numerous smaller vacuoles (arrows),
throughout the cytoplasm. Although most bile canaliculi (BC) are intact, and several are visibly open (between arrowheads) to the basolateral domain. Also of note
is the complete absence of glycogen but an increase in lipid-storing vesicles (F) in the hepatocytes. A and C, 3 40 magnification; B and D, bar 5 5 mm.
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Because bile acids are the endogenous ligands for the farne-
soid X receptor (26, 36), which mediates transcriptional re-
pression of the Cyp7A gene, we were unable to determine
whether diminished hepatic expression in T-77 mice is due to

an indirect effect of increased levels of bile acids in hepatocytes
through import by the sinusoid multispecific organic anion-
cation-transporting polypeptide. Moreover, we observed nor-
mal hepatic expression of Spgp in the T-77 mice, allowing

FIG. 9. Comparative analysis of adult wild-type (WT), T-60, and T-77 liver morphology and bile duct ultrastructure. Toluidine blue-stained 300-mm sections of adult
livers from 3.5-month-old mice were examined for general morphology (left panels). Wild-type livers display normal architecture. Hepatocytes in the T-60 transgenic
livers show many submembrane vacuoles (V) closely apposed to both the apical and basolateral plasma membranes. Livers from T-77 transgenic mice display distended,
as well as disrupted, bile canaliculi (between arrowheads), hepatocytes with large vacuoles (V), and some areas with immune cells (IC) within the sinusoids (S).
Representative transmission electron micrographs of small bile ducts from each mouse strain (right panels; wild type, T-60, and T-77) show that bile ducts are normal.
Left-panel magnifications, 320. Right panel bars: WT and T-60, 4 mm; T-77, 2 mm.
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FIG. 10. Ultrastructure of adult livers from wild-type (WT) and T-60 and T-77 transgenic mice. Livers were obtained from 3.5-month-old mice and processed for
transmission electron microscopy as described in Materials and Methods. (A) Wild-type liver displays typical liver ultrastructure with a single row of hepatocytes
bounded on either basolateral side by sinusoids (S), and glycogen is evident throughout the hepatocytes (arrowheads). Intact bile canaliculus (BC) is evident between
the apical membrane domains of the hepatocytes and is surrounded by a ring of tight junctions. (B) T-60 transgenic mouse liver displays typical liver ultrastructure
similar to that observed in the wild-type liver. However, in many hepatocytes, large vacuoles (V) are apparent just under the plasma membrane in both the apical and
the basolateral domains and exhibits an increase in glycogen content that is more dispersed throughout the cytoplasm compared to wild-type liver. (C) Liver from a
3-month-old adult T-77 transgenic mouse displays many striking abnormalities compared to liver from a wild-type or T-60 transgenic mouse. The hepatocytes are filled
with large vacuoles (V) that often displace the nucleus (N) of the hepatocyte. The bile canaliculi are often not intact and patent to the basolateral membrane domain
of the hepatocyte (between arrows), suggesting leakage of bile into the sinusoidal blood. Additionally, a greater number of lipid containing vesicles (L), but less glycogen
storage, are evident in this line. (D) In other areas of the adult T-77 liver lobule, infiltrating immune cells, including natural killer cells (NK), neutrophils (N), T cells
(T), and macrophages (M), are coalescing within a sinusoid (S). Bile canaliculi (BC) are not intact and are open to the sinusoid, and the sinusoidal endothelial cell
adjacent to the immune cells is destroyed (p). One natural killer cell is observed migrating between two endothelial cells into the parenchymal cells below (arrow). In
panels C and D, hepatocytes in T-77 transgenics do not possess microvilli at the basolateral domain within the space of Disse (DS), indicating sinusoidal damage. A
to C, bar 5 2 mm; D, bar 5 5 mm.
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continued transport of de novo hepatocyte bile into the biliary
system and preventing complete hepatic cholestasis.

The T-77 transgenic line was noted to develop liver disease
by 6 weeks of age, as evidenced by the development of jaundice
(elevated serum bilirubin levels). Preliminary analysis of P22
transgenic mice (T-77) indicates that the hepatic expression
of the bilirubin-conjugating enzyme UDP-glucuronosyltrans-
ferase is significantly diminished, suggesting that the jaundiced
phenotype is a specific effect of the HNF-3b transgene (X.
Wang, D. Hughes, and R. H. Costa, unpublished results). Fur-
thermore, adult transgenic mice display liver damage, as indi-
cated by elevated liver enzymes in serum and disruption of
normal liver architecture. This adult transgenic phenotype is
coincident with extinguished expression of the phospholipid
transporter protein, mdr-2, which functions to protect the bil-
iary epithelial cell lining. Homozygous Mdr2 null mice display
extensive damage to hepatocytes and bile canaliculi, exhibit
elevated levels of liver enzymes in serum, and die postnatally of
liver failure (62). The increase in bile acid levels in serum and
diminished phospholipid transport into bile secretion may lead
to disruption of the hepatocyte tight junctions required to
separate the contents of the bile canaliculi from the sinusoidal
circulation. Transmission electron microscopy of adult trans-
genic liver from 3-month-old T-77 mice confirms hepatocyte
and bile canalicular damage leading to disruption of apical
tight junctions between hepatocytes. We believe that the com-
bination of elevated bile acids in serum and diminished phos-
pholipid transport into the bile secretion leads to liver damage
and eventual liver failure. Furthermore, a portion of the ele-
vated bilirubin and bile acid levels in the serum of the T-77
transgenic mouse line may be the result of leakage from dam-
aged hepatocytes or bile canaliculi into the sinusoidal circula-
tion. More recent studies have also demonstrated that in-
creased bile acid levels in mdr2-deficient mice result in a
decline in Ntcp protein levels (26). This result suggests that
reduced hepatic expression of mdr2 in adult T-77 mice may
also contribute to further increases in bile acid levels in the
serum of adult transgenic mice.

In summary, increased hepatocyte expression of HNF-3b in
transgenic mice caused postnatal growth retardation, dimin-
ished liver glycogen storage, elevated bile acids in serum, and
subsequent damage to the adult liver parenchyma. We show
that these defects are coincident with diminished expression of
genes involved in gluconeogenesis, the sinusoidal reuptake of
bile acids by hepatocytes, and biliary homeostasis. Further-
more, the retarded growth phenotype is coincident with ele-
vated hepatic expression of IGFBP-1, which limits stimulation
of postnatal growth by serum IGF proteins in target tissues.
We also show that TTR–HNF-3b transgenic livers express
diminished levels of endogenous HNF-3 and HNF-6 transcrip-
tion factors, suggesting that changes in transcription of both
HNF-3 and HNF-6 target genes contribute to this liver phe-
notype.
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