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HNF-4« is a transcription factor of the nuclear hormone receptor family that is expressed in the hepatic
diverticulum at the onset of liver development. Mouse embryos lacking HNF-4« fail to complete gastrulation
due to dysfunction of the visceral endoderm. This early embryonic lethality has so far prevented any analyses

of the contribution of HNF-4« toward liver development and hepatocyte differentiation. However, we have
shown that complementation of HNF-4o~/~ embryos with a tetraploid embryo-derived wild-type visceral
endoderm rescues this early developmental arrest and allows HNF-4a~/~ embryos to proceed normally through
midgestation stages of development. Examination of these rescued embryos revealed that HNF-4a was
dispensable for specification and early development of the liver. However, HNF-4a~/~ fetal livers failed to
express a large array of genes whose expression in differentiated hepatocytes is essential for a functional
hepatic parenchyma, including genes encoding several apolipoproteins, metabolic proteins, and serum factors.
In addition, we have demonstrated that HNF-4« is essential for expression of the transcription factors HNF-1a
and PXR within the fetal liver. We therefore conclude that HNF-4« is both essential for hepatocyte
differentiation during mammalian liver development and also crucial for metabolic regulation and liver

function.
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Cell differentiation is a consequence of changes in gene
expression that are primarily controlled at the level of
transcription. This implies that regulated expression of
specific transcription factors in response to extracellular
signals is an important determinant of cell differentia-
tion. This view is supported by the fact that mice lacking
the transcription factor PDX-1 fail to form a pancreas
(Jonsson et al. 1994; Offield et al. 1996). Transcription
factors that control embryonic cell differentiation also
are often required to maintain and regulate gene expres-
sion in the adult cell. Therefore, analyzing the promoters
of genes expressed in adult tissues can identify factors
that control embryonic development. Study of liver gene
expression using hepatoma cells has identified several
transcription factors acting in the adult liver. These in-
clude the hepatocyte nuclear factors (HNFs) -1a and -1,
-3a, B, and v, -4a; and -6, as well as the ¢/EBP family (for
review, see Cereghini 1996). Although many of these fac-
tors appear to regulate gene expression in mature hepa-
tocytes, until now none have been shown to be essential
for hepatic development.

Liver development in the mouse begins at [E8.25 days
of gestation (approximately the four- to six-somite stage)
following formation of the definitive endoderm (Gualdi
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et al. 1996). Although it has been proposed that the liver
parenchyma may derive from the septum transversum
mesenchyme, lineage tracing studies and tissue explant
coculture experiments strongly support the alternative
proposal that hepatocytes descend directly from the de-
finitive endoderm (LeDouarin 1968; LeDouarin 1975;
Gualdi et al. 1996). Signal(s) emanating from precardiac
mesenchyme induce the ventral foregut endoderm to
proliferate and subsequently adopt a hepatic fate (Le-
Douarin 1964; Houssaint 1980; Fukuda-Taira 1981;
Gualdi et al. 1996). Recently, Jung et al. (1999) have dem-
onstrated that fibroblast growth factors (FGFs) -1 and -2
can mediate this induction in endoderm explant cul-
tures. One consequence of this induction is the expres-
sion of characteristic hepatocyte marker genes such as
albumin and transthyretin within the developing liver
(Cascio and Zaret 1991). In situ hybridization analyses
have shown that like albumin, the transcription factor
HNF-4« is expressed in the developing hepatic diverticu-
lum at [E8.75 (10-12 somites) (Duncan et al. 1994; Tara-
viras et al. 1994). This expression of HNF-4a early in the
genesis of the hepatic lineage precedes that of HNF-1q,
which has also been implicated in regulation of liver
gene expression (Cereghini et al. 1992; Cereghini 1996).
Importantly, HNF-4a has been found to activate expres-
sion from the HNF-la promoter, which contains an
HNF-4« binding site (Tian and Schibler 1991; Kuo et al.
1992). These data suggest that HNF-4a may act up-
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stream in a transcription factor cascade that could drive
differentiation of the hepatocyte lineage during liver de-
velopment.

HNF-4a was identified as a factor within hepatoma
cell extracts that bound to the promoters of the trans-
thyretin (TTR) and apolipoprotein CIII (apoCIII) genes
(Sladek et al. 1990). It is a member of the nuclear hor-
mone receptor family whose activity may be modulated
by fatty-acyl thioesters (Hertz et al. 1998). Targeted dis-
ruption of the HNF-4a gene in mice resulted in an em-
bryonic lethal phenotype caused by the failure of HNF-
4a~/~ embryos to complete gastrulation (Chen et al.
1994). This developmental disruption occurred prior to
the onset of hepatogenesis and so prevented the use of
these embryos to analyze the role of HNF-4a in liver
development. A detailed study of these embryos revealed
that their early developmental arrest was caused by a
dysregulation of extraembryonic (visceral) endoderm
function (Duncan et al. 1997). Furthermore, it was found
that embryonic development could proceed normally
through gastrulation if HNF-4a~/~ fetuses were comple-
mented with an HNF-4a*/* visceral endoderm (Duncan
et al. 1997). This complementation was achieved by ag-
gregating HNF-4a~/~ ES cells with HNF-4a*/* tetraploid
embryos. With this approach the resulting fetuses are
derived solely from the diploid ES cells whereas the ex-
traembryonic tissues are tetraploid embryo derived
(Nagy et al. 1990, 1993; Nagy and Rossant 1993). We
have now exploited this extraordinarily powerful proce-
dure to determine the consequence of HNF-4a loss of
function on liver development. Our studies demonstrate
that although HNF-4a is dispensable for specification of
the hepatic lineage, it is an essential and central regula-
tor of liver gene expression and is required for hepatocyte
differentiation.

Results

HNF-4a is dispensable for hepatic specification

At the onset of liver development FGFs secreted from
the developing heart induce adjacent embryonic endo-
derm to commit to a hepatic fate. In situ hybridization
studies reveal that the first expression of HNF-4a within
the embryonic endoderm occurs at around this stage in
development. This early developmental expression
within the hepatic field raised the possibility that HNF-
4o might have an integral role during specification of the
hepatic lineage. Moreover, because HNF-4«a is a tran-
scription factor, it seemed likely that any such role
would be cell autonomous. If HNF-4a was essential for
specification of hepatic cells then it could be predicted
that HNF-4a*/* cells would have a strong selective ad-
vantage over HNF-4a~/~ cells during hepatogenesis. Liv-
ers isolated from HNF-4a*/*: HNF-4o~/~ chimeric em-
bryos should, in this case, contain only HNF-4a*/* hepa-
toblasts. To determine whether HNF-4a provided a
selective advantage to developing hepatoblasts, we
therefore produced chimeric embryos between ROSA26
HNF-4a*/* morulae and HNF-4a~/~ ES cells. ROSA26

HNF-4a regulates hepatocyte differentiation

embryos express a lacZ transgene in all fetal tissues in-
cluding the developing liver (Fig. 1A). In contrast, the
HNF-4a/~ ES cells used in these experiments do not
contain lacZ. Staining for B-galactosidase expression
could therefore be used to determine whether hepato-
blasts present in livers isolated from chimeric embryos
were of HNF-4a*'* (lacZ +ve) or HNF-4a~/~ (lacZ -ve)
origin. Chimeric embryos were collected after 11.5 days
of gestation (E11.5) and stained for expression of 3-galac-
tosidase. Figure 1A shows that B-galactosidase was ex-
pressed ubiquitously in fetal livers isolated from
ROSA26 mice, whereas no expression was detected in
livers isolated from wild-type (CD-1) mice. The majority
of livers isolated from HNF-4o*/* (ROSA26); HNF-4o~/~
chimeric embryos contained a mixture of B-galactosi-
dase +ve and -ve cells (Fig. 1A,B). Figure 1B shows that
numerous B-galactosidase —ve hepatoblasts could be de-
tected in semithin sections prepared from chimeric liv-
ers. These results demonstrate that HNF-4a offers no
selective advantage to hepatoblasts during early liver de-
velopment. This, in turn, implies that the ability of em-
bryonic endoderm to embark upon a hepatic differentia-
tion program does not require HNF-4a within the devel-
oping hepatic cells.

HNF-4o /'~ livers can be generated through aggregation
of tetraploid embryos with HNF-4a~/~ ES cells

Although the above data demonstrate that there is no
genetic selection against the contribution of HNF-4a~/~
cells to the developing liver, this assay does not deter-
mine the phenotypic consequence of loss of HNF-4a
function on hepatocyte differentiation. We have shown
previously that HNF-4a knockout embryos can proceed
through gastrulation if they are provided with an HNF-
4a*’* visceral endoderm. As illustrated in Figure 2A, this
was achieved by aggregating HNF-4a null ES cells with
wild-type tetraploid embryos and allowing their devel-
opment in utero (Duncan et al. 1997). Fetuses generated
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Figure 1. Hepatoblasts derived from HNF-4a~/~ ES cells con-
tribute toward the developing liver. (A) Fetal livers were isolated
from wild-type (CD-1), ROSA26 (ROSA), or chimeric (ROSA:
HNF-4a7/~) embryos at E11.5 and stained for B-galactosidase
expression. (B) Photomicrograph showing a 5 pMm section
through the chimeric fetal liver shown in A. The section was
counterstained with eosin to show HNF-4a~/~ hepatoblasts (h).
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Figure 2. Hepatoblasts are present in embryos generated from HNF-4a~/~ ES cells by tetraploid aggregation. (A] Embryos were
generated from HNF-4a~/~ ES cells (red) by aggregating the cells with HNF-4a*/* embryos (blue) made tetraploid by electrofusion.
Embryos continued their development in utero after transfer of the aggregates to psuedopregnant surrogate mothers. Fetal tissues
generated by this procedure arise from HNF-4a~/~ ES cells; the extraembryonic tissues, including the visceral endoderm, are tetraploid
embryo derived. The presence of HNF-4a*/* visceral endoderm allows HNF-4a~/~ embryos to proceed through midgestation stages of
development. (B) The genotype of embryos generated from HNF-4a*/* (lane 1), HNF-4o*/~ (lanes 11,12), and HNF-4a~/~ ES cells (lanes
2-10) could be determined by PCR using primers which specifically amplified DNA fragments from the HPRT, bacterial neo, or
HNF-4a (HNF-4) genes. (C-F) Dark-field micrographs showing in situ hybridization analyses that were performed on 5 um paraffin
sections of E10.5 embryos generated from HNF-4a*/~ (C,D) and HNF-4a~'~ (E,F) ES cells. In all embryos, HNF-3a mRNAs (C,E) could

be detected in gut endoderm (e) and hepatoblasts (h), whereas albumin mRNAs (D,F) were detected only in hepatoblasts.

by the tetraploid aggregation procedure are entirely ES
cell derived (Nagy et al. 1990, 1993; Nagy and Rossant
1993; Duncan et al. 1997). To directly determine the role
of HNF-4a during hepatocyte differentiation we there-
fore attempted to generate HNF-4a null livers from
HNF-407/~ ES cells by tetraploid aggregation.

Figure 2B shows that the genotype of embryos derived
from HNF-4a*/*, HNF-4a*/~, or HNF-4a™/~ ES cells
could be confirmed by PCR analysis of genomic DNA
isolated from a rostral region of the embryos. Specific
oligonucleotide primers were designed to amplify hypo-
xanthine phosphoribosyl transferase (HPRT), neomycin
phosphotransferase (neo), and HNF-4a genomic se-
quences. All embryos amplified a 219-bp product from
the HPRT gene, demonstrating the presence of DNA in
each sample. HNF-4a*/~ and HNF-4a~/~ ES cell-derived
embryos could be distinguished from wild-type ES cell-
derived embryos by amplification of a 225-bp region of
the neo’ transgene that was originally used to mutate
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HNF-4a in ES cells (Chen et al. 1994). Finally, amplifi-
cation using HNF-4a-specific oligonucleotides demon-
strated that embryos (n = 20) derived from HNF-4a/~ ES
cells were devoid of HNF-4a*/* cells (Fig. 2B). We next
determined whether E10.5 HNF-4o/~ ES cell-derived
embryos were capable of producing hepatoblasts by iden-
tifying cells expressing albumin and HNF-3a mRNAs by
in situ hybridization. Albumin expression within fetal
tissue is restricted to the developing hepatoblasts,
whereas HNF-3a is additionally expressed throughout
the gut endoderm as well as in the notochord and floor
plate of the neural tube (Cascio and Zaret 1991; Ang et
al. 1993; Monaghan et al. 1993; Sasaki and Hogan 1993).
Figure 2C-F shows that cells expressing both albumin
and HNF-3a could readily be detected in both HNF-4a*/~
and HNF-4a~/~ ES cell-derived embryos. These results
demonstrate conclusively that specification of the ven-
tral foregut endoderm toward a hepatic fate does not re-
quire HNF-4a.



HNF-4a~/~ hepatoblasts have a normal
morphological appearance

Following specification of the hepatic primordium from
the ventral foregut endoderm the hepatoblasts migrate
from the ventral endoderm into the septum transversum
mesenchyme. As they do so they lose their epithelial
nature and adopt an irregular stellate morphology (Med-
lock and Haar 1983). At this stage the hepatoblasts con-
tinue to proliferate and the liver expands greatly in size
due to increased hematopoiesis. At this time as many as
80% of cells within the developing liver are nucleated
blood cells (Medlock and Haar 1983). Between E10.5 and
E12.5 in the mouse, the primitive hepatoblasts begin to
differentiate toward a hepatocyte phenotype and initiate
the expression of a large array of genes associated with
mature hepatocyte function. To determine whether
HNF-4a was required for hepatocyte differentiation we
therefore attempted to produce embryos that survived to
12 days postgestation from HNF-4a~/~ ES cells by tetra-
ploid aggregation.

Figure 3 shows that E12.0 embryos could be generated
from both HNF-4o*/~ and HNF-4a~/~ ES cells. A com-
parison of wild-type embryos with all embryos produced
from ES cells by tetraploid aggregation revealed that em-
bryos generated from ES cells were generally slightly
smaller (<10%). However, all ES cell-derived embryos
examined had beating hearts and morphological features
appropriate for this stage in development including limb
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Figure 3. Whole mount micrographs showing wild-type CD-1,
HNF-4a*'~, and HNF-4a~/~ ES cell derived fetuses and livers
after 12 days gestation. Embryos were removed and photo-
graphed under a dissecting microscope at 15x magnification.
Livers were dissected and photographed at 70x magnification.
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buds, gut, neural structures, embryonic vasculature, and
circulation (Kaufman and Bard 1999). As described pre-
viously, all of our ES cell-derived embryos, including
those from wild-type J1 ES cells, were exencephalic to
varying degrees. However, the presence of this defect in
HNF-4a*/* and HNF-4a*/~ ES cell-derived embryos indi-
cates that it is not related to an HNF-4«a deficiency (Dun-
can et al. 1997).

Livers were removed from these embryos and exam-
ined for morphological and histological characteristics of
hepatogenesis. Figure 3 shows that all livers, including
those lacking HNF-4«, were similar in size, had initiated
hematopoiesis, and had formed distinct lobules that are
indicative of normal morphogenesis. In addition, Figure
4A,B shows that sections through HNF-4a*/~ and HNF-
4a7'~ ES cell-derived livers were indistinguishable and
contained hepatoblasts, endothelial cells surrounding si-
nusoids, and numerous hematopoietic cells. Also, elec-
tron micrographs of HNF-4a*/~ and HNF-4a7/~ livers
presented in Figure 4, C and D, show that both livers
contained light and dark hepatoblasts typical of E12.0
livers (Medlock and Haar 1983). It has been suggested
that dark hepatoblasts are more differentiated than light
hepatoblasts. Consistent with this model the presence of
rough endoplasmic reticulum and lipid vesicles could
readily be detected in dark hepatoblasts of both geno-
types. Both HNF-4a*/~ and HNF-4a~/~ hepatoblasts were
also found to have a stellate shape. This cellular mor-
phology is characteristic of midgestation stage hepato-
blasts that do not exhibit the polarity associated with the
mature cuboidal parenchyma (Medlock and Haar 1983).
In sum, HNF-4a /- fetal livers were morphologically
identical to wild-type and HNF-4a*/~ livers and included
the presence of hepatoblasts.

HNF-4« is essential for hepatocyte differentiation

The liver has numerous functions including detoxifica-
tion of metabolic waste products and synthesis of serum
proteins, plasma lipoproteins, and clotting factors. It is
also a center of several metabolic activities, including
glycogen synthesis and gluconeogenesis. Although the
hepatoblasts do not function as a parenchyma during
midgestational stages of embryonic development, they
do begin to express several gene products associated with
mature liver function. Expression of these genes can
therefore be used to measure the differentiated state of
the maturing hepatocyte. To determine whether HNF-
4 was necessary for differentiation of hepatoblast to he-
patocyte we produced E11.5 fetal livers from HNF-4a*/*,
HNF-4a*/~, or HNF-4a~/~ ES cells by tetraploid aggrega-
tion and compared steady-state mRINA levels of several
characteristic hepatocyte marker genes in these livers by
RT-PCR (Fig. 5). RT-PCR using HPRT-specific primers
detected equal amounts of product from all samples,
demonstrating that a similar amount of starting material
was used in each reaction. Also, the amplification of this
product was dependent on the presence of reverse tran-
scriptase, confirming the absence of genomic DNA in
the starting material (not shown). We next compared
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Figure 4. Light micrographs and electron micrographs compar-
ing HNF-4a*/~ and HNF-4a~/~ fetal livers. (A,B) Sections (1 um)
through livers from HNF-4a~/~ or HNF-4a*/~ ES cell-derived
mice at E12. Sections were stained with toluidine blue and pho-
tographed using a 100x objective. Both HNF-4a*/~ and HNF-
4o/~ livers contained hepatoblasts (h), nucleated fetal blood
cells (b), and endothelial cells (e) surrounding sinusoidal spaces.
(C,D) Electron micrographs of the same fetal livers at 3000x
magnification. Both dark (dh) and light (1h) hepatoblasts can be
identified in HNF-4a*/~ and HNF-4a~/~ livers. The light hepa-
toblasts are believed to be in a less differentiated state contain-
ing a high nuclear (n) to cytoplasmic ratio and few organelles. In
contrast, the more differentiated dark hepatoblasts have a rela-
tively small nucleus and contain many organelles including en-
doplasmic reticulum (er) and mitochondria (m).

mRNA levels for >60 genes that are known to define
mature hepatocyte function. These included transcrip-
tion factors, metabolic proteins, enzymes, and secreted
serum factors. Figure 5 shows that loss of HNF-4«a func-
tion had an extreme and dramatic effect on hepatocyte
gene expression. In all HNF-4a~/~ fetal livers examined,
the expression of a large array of genes associated with
mature hepatocyte function was virtually abolished.
Steady-state mRNA levels of apoAl, apoAll, apoB,
apoClIIl, apoCII, as well as aldolase B, phenylalanine
hydroxylase (pAH), L-type fatty acid-binding protein
(LFABP), transferrin (TFN), retinol-binding protein
(RBP), and erythropoietin (Epo) could readily be mea-
sured in HNF-4a*/* or HNF-4a*/~ ES cell-derived livers
by RT-PCR. However, in the absence of HNF-4a the
expression of these same genes was almost undetectable.
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These data show that HNF-4a is essential for the expres-
sion of genes that define a fully differentiated hepatocyte
phenotype. Based on these results we propose that HNE-
4a acts as a hepatocyte differentiation factor and is cru-
cial for normal development of the liver.

HNF-4a acts upstream in a transcription factor
cascade that drives hepatocyte differentiation

The regulatory regions of genes expressed in the liver
usually bind several different liver-enriched transcrip-
tion factors. On the basis of such observations, it has
been proposed that hepatocyte gene expression is con-
trolled by multiple transcription factors acting coordi-
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Figure 5. HNF-4« is essential for normal hepatocyte differen-
tiation. Steady-state mRNA levels from several genes normally
expressed in differentiated hepatocytes was measured in livers
isolated from HNF-4a*/* (lane 2), HNF-4a*/~ (lanes 5,6), and
HNF-4a7/'~ (lanes 3,4) ES-cell-derived embryos at day 12 of ges-
tation by RT-PCR. All samples contained comparable amounts
of cDNA, as HPRT primers amplified a similar level of product
in all cases. HPRT primers did not amplify product in the ab-
sence of cDNA (lane 1). apoAI, apoAll, apoB, apoCIII, apoClII,
and albumin, aldolase B, pAH, LFABP, TFN, RBP, and Epo
mRNA levels were similar in HNF-4*/* and HNF-4*/~ livers. In
HNF-4a7/~ livers the relative level of the same mRNAs was
decreased dramatically and in some cases undetectable.



nately. Given that the expression of such a large array of
genes was disrupted by loss of HNF-4a function, we
wished to determine whether other liver transcription
factors were still expressed in HNF-4a ™/~ livers. Steady-
state mRNA levels of 15 transcription factors expressed
in the fetal liver during midgestation stages of develop-
ment were compared among HNF-4a*/*, HNF-4a*/~, and
HNF-4a7~/~ E11.5 fetal livers generated by tetraploid ag-
gregation. Figure 6 shows that all of these transcription
factor mRNAs could be detected in HNF-4a*/* and HNF-
4a*/~ livers by RT-PCR. HNF-3a, -B, and -y, HNF-1p,
GATA-4, HNF-6, ¢/EBP-B, c/EBP-v, retinoic acid recep-
tor-a (RAR-a), -B, and -v, retinoid X-receptor-a (RXR-a),
and COUP-TFII mRNAs could also be detected at simi-
lar levels in HNF-4a~/~ fetal livers. However, in contrast
to this, HNF-1a mRNA levels were significantly reduced
and pregnane-x-receptor (PXR) mRNA was virtually un-
detectable. From these data we conclude that although
the majority of liver-enriched transcription factors are
still expressed in HNF-4a~/~ fetal livers, HNF-4a acts
upstream of at least two transcription factors with im-
portant roles in hepatocyte gene expression.

Discussion

HNF-4a is a hepatocyte differentiation factor

Figure 7 shows a simplified model of early hepatic de-
velopment that is considered in three stages: compe-
tency, specification, and differentiation. In this model
transcription factors have defined roles in controlling
these distinct steps of hepatic development. The first
stage is described as competency, whereby the entire
foregut endoderm has the potential to adopt a hepatic
fate if given the correct developmental cues. Although
the liver derives from a distinct portion of ventral endo-
derm called the hepatic field, Gualdi et al. (1996) have
shown that dorsal regions of endoderm are also compe-
tent to enter a hepatocyte differentiation program when
cultured as explants. It has been proposed that the
winged-helix transcription factor HNF-3 acts as a com-
petency factor within the endoderm by marking “liver”
genes with the potential to be expressed in response to
specific developmental cues (Gualdi et al. 1996; Cirillo
et al. 1998; Shim et al. 1998). This may occur through
chromatin remodeling, as HNF-3 has an inherent ability
to reposition nucleosomes (Cirillo et al. 1998; Shim et al.
1998). In the second stage of liver development, FGF re-
leased from cardiac tissue induces the adjacent pluripo-
tent endoderm to commit to a hepatic fate (Jung et al.
1999). The action of FGF is likely to result in the expres-
sion of specific transcription factors, called specification
factors, which initiate a program of hepatic gene expres-
sion by binding to competent promoters. Because HNF-
4 is first expressed in the hepatic field during this stage
of development we considered the possibility that HNF-
4a could act as a specification factor. According to this
model, loss of HNF-4a function should lead to an abla-
tion of the hepatic lineage, as is the case for PDX-1 dur-
ing pancreatic development. However, analyses of HNF-
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Figure 6. HNF-1a and PXR lie downstream of HNF-4a during
hepatogenesis. Steady-state mRNA levels of several transcrip-
tion factors acting in the fetal liver were measured in E12 HNF-
4a*'* (lane 2), HNF-4a*/~ (lanes 5,6), and HNF-4a~/~ (lanes 3,4)
livers by RT-PCR. Primers recognizing HNF-3«, -383, 3y, HNF-
18, GATA-4, HNF-6, ¢/EBP-B and -y, RAR-a, - and -y, RXR-a,
and COUP-TFII all amplified similar levels of product in all
fetal livers. However, HNF-1a and PXR steady-state mRNA lev-
els (arrowed) were greatly decreased in HNF-4a~/~ fetal livers.

COUP-TFII

4o/~ ES cell-derived embryos revealed that early stages
of liver development were unaffected and morphologi-
cally normal HNF-4a~/~ hepatoblasts could be detected.
These data imply that HNF-4a acts downstream of the
specification event or that other factors can compensate
for loss of HNF-4a function during this period in liver
development.

The final stage illustrated in Figure 7 describes the
differentiation of a pluripotent endodermal cell to a fully
functional hepatocyte. This process of differentiation is a
transition accompanied by large changes in gene expres-
sion. Such a model predicts that hepatic differentiation
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Figure 7. Schematic depicting key points
during hepatic development and the stage
at which specific transcription factors first
act. During gastrulation, at (7.0 days of ges-
tation in the mouse, the definitive endo-
derm (yellow) is generated from the primi-
tive ectoderm. Both ventral and dorsal as-
pects of the definitive embryonic endoderm

Competency Specification

VIVIA-fe-3

Differentiation

express HNF-3 and are competent to adopt
a hepatic fate. By the four- to six-somite gﬁg‘nﬁzﬁ:‘
stage a ventral portion of the embryonic en- HNF-3

Induction of Expression of Primary | | Expression of Hepatic | |Fully Differentiated
Specification Factors Differentiation Factors Transcription Factors Liver Gene
Unknown HNF-4 HNF-1a, PXR, efc. Expression

doderm (blue) lies close to the developing

heart. During hepatic specification, FGFs (fgf’s) from the developing cardiac mesoderm (red) induce the underlying endoderm to
commit to a hepatic fate. In response to this signal the endodermal cells proliferate, expand into the surrounding septum transversum,
and adopt a stellate morphology. At this point these cells are considered hepatoblasts. The hepatoblasts continue to proliferate and
begin to differentiate to become mature hepatocyte in a process that requires HNF-4a.

is controlled by a gradual accumulation of multiple tran-
scription factors over time. Moreover, it would imply the
existence of a developmentally regulated transcription
factor hierarchy with one factor regulating the expres-
sion of another. Until now, however, no transcription
factor has been shown to be essential for hepatocyte dif-
ferentiation in mammalian livers. In this report we have
shown that loss of HNF-4a results in the formation of
poorly differentiated hepatic cells due to a failure of
these cells to express a large array of genes that define
mature hepatocyte function. Moreover, our analyses of
HNF-4a~/~ livers show that two transcription factors,
HNF-1a and PXR, require HNF-4a for their expression.
This provides the first direct evidence for the existence
of a transcription factor cascade acting during mamma-
lian hepatogenesis and supports previous work showing
that HNF-4a can activate expression from the HNF-1a
promoter in transfected hepatoma cells (Tian and
Schibler 1991; Kuo et al. 1992). It is worth noting that
not all liver gene expression was down-regulated in the
absence of HNF-4a. Genes whose expression was found
to be unaffected by loss of HNF-4a function are shown in
Table 1.

Table 1. Genes whose expression was unaffected
by loss of HNF-4a

al-antitrypsin glucokinase

a-fetoprotein glucose transporter (glut)-2

apoAIV indian hedgehog (iHH)

apoE hepatocyte growth factor-like
(HGFL) protein

bone morphogenic protein insulin growth factor (IGF)-1

(BMP)2
BMP4 IGF-2
cellular retinol protein IGF-I receptor
(CRBP)1
CRBPIT insulin receptor
FGF-1 leptin
FGF-7 I-type pyruvate kinase

signal transducer and activator
of transcription (STAT)-3
fetoprotein transcription TTR
factor (FTF)

fructose2-6-biphosphate
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Although the expression of hepatocyte genes was
grossly affected by loss of HNF-4«, liver morphology ap-
peared normal. This seemed surprising given the signifi-
cant dysregulation of hepatic gene expression seen in
HNF-4o7/~ livers. At E12, the developing hepatic cells
appear morphologically undifferentiated, and have just
begun their transition toward a polarized hepatic epithe-
lium. Complete formation of the liver parenchyma does
not occur until around birth and the hepatocytes con-
tinue to mature even in the neonate. This would suggest
that differences in the morphology of hepatocytes lack-
ing HNF-4a would not be observed until late develop-
mental stages. In our experience, all embryos derived
from J1 ES cells by tetraploid aggregation develop a se-
vere exencephaly that results in embryonic lethality by
E12.5. This defect, which is not associated with loss of
HNF-4a function, has prevented us from generating
HNE-4a7/'~ livers at later stages of development and di-
rectly investigating the role of HNF-4a in morphological
differentiation (Duncan et al. 1997). However, Spath and
Weiss have shown that expression of exogenous HNF-4«
in stellate dedifferentiated hepatoma cells can reestab-
lish an epithelial morphology (Spath and Weiss 1998).
This strongly supports the proposal that in addition to
regulating genes essential for mature hepatocyte func-
tion, HNF-4a has an integral role in generating a mature
hepatocyte morphology.

In sum, our data show that HNF-4a acts as a hepato-
cyte differentiation factor during mammalian liver de-
velopment. Although deletion of several factors, includ-
ing c-Jun, RelA, N-myc, and hepatocyte growth factor,
have resulted in increased hepatic apoptosis and cell
death during liver development, this study is the first
demonstration of a transcription factor required for he-
patocyte differentiation (Hilberg et al. 1993; Johnson et
al. 1993; Beg et al. 1995; Schmidt et al. 1995; Uehara et
al. 1995; Giroux and Charron 1998; Li et al. 1999).

Regulation of gene expression by HNF-4a

Individual promoters and enhancers usually bind mul-
tiple different transcription factors that act coordinately
to regulate gene expression. This, in turn, would suggest



that loss of a single transcription factor could be com-
pensated for by the presence of others. Support for such
a model comes from analyses of mice harboring targeted
mutations in genes encoding the transcription factors
HNF-1a, HNF-3a, and HNF-3y. These knockout mice
exhibit only a moderate dysregulation of liver gene ex-
pression (Pontoglio et al. 1996; Kaestner et al. 1998,
1999; Shih et al. 1999). We have shown above that al-
though HNF-1a and PXR require HNF-4«a for expression,
mRNAs for the majority of liver transcription factors are
detected at normal levels. Why then is the expression of
so many genes whose promoters can bind multiple tran-
scription factors so drastically repressed in HNF-4da ™/~
fetal livers? The answer to this may lie in the mode of
action of HNF-4a. HNF-4a is a nuclear hormone recep-
tor, and many nuclear hormone receptors interact with
transcriptional coactivators containing histone acetylase
(HAT) activity (for review, see Torchia et al. 1998). It has
been proposed that recruitment of coactivators results in
transcriptional activation through chromatin remodel-
ing. In essence, this could be achieved, at least in part, by
increasing access of transcription factors to regulatory
elements through the relaxation of the chromatin struc-
ture around enhancers and promoters. HNF-4a has been
shown to interact with several coactivators including
SRC-1, GRIP-1, and CBP/p300 (Yoshida et al. 1997,
Wang et al. 1998; Dell and Hadzopoulou 1999). More-
over, the presence of CBP/p300 has been shown to en-
hance HNF-4a-dependent transactivation of the apoCIIT
promoter in cell-culture transfection assays (Dell and
Hadzopoulou 1999). Therefore, we predict that the pri-
mary function of HNF-4a is to recruit coactivators to
mediate chromatin remodeling, thereby facilitating tran-
scriptional initiation. In this case, the presence of other
transcription factors might well be unable to compen-
sate for loss of HNF-4a.

HNF-4 is likely to have a crucial role in mature liver
function and regulation of metabolism

Our finding that HNF-4« is required for expression of
such a large array of genes in the fetal liver suggests that
loss of HNF-4a activity in the adult liver would have
severe physiological consequences. Support for this hy-
pothesis comes from genetic studies in humans that
have implicated HNF-4« in regulation of serum glucose
levels. Yamagata et al. (1996) have shown that a HNF-4a
haploinsufficiency results in maturity onset diabetes of
the young (MODY). Although it is likely that dysregula-
tion of glucose homeostasis in MODY1 patients is due,
in a large part, to reduced insulin secretion by pancreatic
islets it is also possible that loss of HNF-4a function in
the liver contributes toward this disease. Analysis of
MODY]1 patients has shown that in addition to defects
in insulin secretion, triglyceride metabolism is also sig-
nificantly affected (Lehto et al. 1999). In this regard, the
demonstration that HNF-4« is required for expression of
several genes encoding secreted serum factors might
have clinical implications. It is possible that decreased
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expression of serum factors might precede a clinical
manifestation of MODY. Screening presymptomatic pa-
tients for reduced expression of these factors may there-
fore help in early diagnosis of MODY and possibly other
forms of type II diabetes.

The fact that HNF-4a is so crucial for expression of
several apolipoprotein genes implies that it has an im-
portant role in regulating serum cholesterol levels. A re-
quirement for HNF-4a in apolipoprotein expression was
predicted from analyses of apolipoprotein promoters. All
of the apolipoprotein genes that depend on HNF-4a for
expression in the fetal mouse liver have been shown to
have promoters that interact with HNF-4« in tissue cul-
ture assays (Cardot et al. 1993; Metzger et al. 1993; Har-
nish et al. 1994, 1996; Kardassis et al. 1997, 1998; Had-
zopoulou-Cladaras et al. 1998; Vorgia et al. 1998). We
have also shown that HNF-4« is required for expression
of the nuclear hormone receptor PXR. PXR is activated
by pregnanes and regulates expression of the cytochrome
P-450 gene CYP3A1 (Kliewer et al. 1998). This finding
suggests that HNF-4a could indirectly influence cyto-
chrome P-450 action, in processes such as hydroxylation
of steroid hormones and xenobiotics, by controlling PXR
expression. The exact role of HNF-4a in the adult liver
will best be determined by the generation of mice har-
boring a hepatocyte-specific deletion of the HNF-4a
gene. On the basis of our analyses of HNF-4a™/~ fetal
livers we believe it is likely that loss of HNF-4a activity
in the adult liver will have pleiotropic consequences that
grossly affect liver function and metabolism.

Materials and methods

Generation of ES cell-derived embryos and chimeras

Tetraploid embryos were produced from ROSA26 or CD-1 mice
following the procedure described by Nagy and Rossant (1993).
HNF-4a~/~ ES cells were produced by selection of HNF-4a*/~ ES
cells in high concentrations of G418 as described previously
(Duncan et al. 1997). Embryos were generated from ES cells by
aggregating them with four-cell stage tetraploid embryos, allow-
ing them to develop to blastocysts before transferring them to
the uterus of a surrogate mother. Similarly, chimeric embryos
were produced by aggregating ES cells with diploid CD-1 em-
bryos. Embryos were allowed to develop in utero before harvest-
ing for analysis. The exact methodology used in this procedure
has been described in detail elsewhere (Nagy and Rossant 1993;
Duncan et al. 1997).

In situ hybridization

Paraffin sections of 5 um were processed and hybridized to 33P-
labeled antisense RNA probes generated from albumin and
HNF-3a partial cDNAs as described previously (Duncan et al.
1994; Rausa et al. 1998).

Electron micrscopy and histology

Fetal livers were dissected from embryos and fixed by overnight
submersion in 2% gluteraldehyde in 0.1 m phosphate buffer.
Sections were dehydrated and embedded in epon resin using
standard procedures. Sections of 0.5 um were stained with tolu-
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idine blue and observed under oil using a 100x objective. Sec-
tions for electron microscopy were 60-80 nm thick and con-
trasted with uranyl acetate and lead citrate.

RT-PCR

Conditions used for RT-PCR were those of Wilson and Melton
(1994), with modifications described elsewhere (Duncan et al.
1997). Number of cycles and annealing temperature were opti-
mized for each primer pair. The following forward and reverse
primers were used for specific amplification: hprt; agcgcaagtt-
gaatctge, agcgacaatctaccagag, HNF-4q; cttecttcttecatgecag, acac-
gtccccatctgaag, albumin; cttaaaccgatgggegatctcact, ccccac-
tagcctetggeaaaat, apoAl; acacacgtagactctetg, ctgggetttggtettaag,
apoAlI; gccatcatgaagetgetege, ccagactagttectgetgac, apoB; cttea-
gggaacaaagcag, tcaagggtgagetgattg, apoCIII; ctcaatagetggagttgg,
ctgaagaggtagagggat, apoCII; ttactggacctctgecaagg, cctaacttgggg-
cttgeetg, aldolase b; tctecgtecaggaageaccetce, atggectetetgaacgcetgt,
phenylalanine hydroxylase; tcgctatgaccectacacte, ggttgacctect-
aagttctg, transferrin; tggcacaggaacactttg, tcctgctgattccgaatg,
retinol-binding protein; atccagtggtcatcgtttecteget, gaacttcga-
caaggctegtttetetgg, hnf-1q; ttctaagetgagecagetgeagacg, getgaggt-
tcteeggetettteaga, pxr; gegeggagaagacggeageate, cecaggtteecgttt-
cegtgteg, hnf-3q; atgccagecacageacegggacte, ggectactectetgteece-
tgtcag, hnf-3B; actggagcagctactacg, cccacataggatgacatg, hnf-3vy;
tcaagctggaggagaaggeaaaga, ctegggetcagatggegtagg, hnf-13; gaaag-
caacgggagatcctecgac, cctecactaaggectecctetcettee, gata-4; ctaage-
tgtccccacaaggetatgea, cagagetccacctggaaaggtgtttg, hnf-6; aacte-
ccagcaaggacttceccact,  ccatctgecctgaattactteeattge, c¢/ebp-B;
cgeecgegeaccacgact,  gaggeggeggegggaage, c/ebp-y;  gtcgeage-
cagccactactecag, caccgecatattgtteegetete, rar-o; geeccatgeecc-
gaggaaga, agagcgeegggtggggagag, rar-B; tgegecgeggeeacaagac,
cagccagggegggggttee, rar-y; gaageggetgectggttttaca, tegtegeeggg-
catagagc, rxr-o; cctgecgetegacttetetacee, taccagtccegaageccaatgtg,
COUP-TFII; cccgeecageacgeeggeeea, tacagettcecgtetcatgece,
erythropoetin; aaggaggcagaaaatgtcacgatg, gtgagtgttcggagtggag-
caggt, neo; gccaacgctatgtcctgatageggt, agceggtettgtegatcaggat-
gat.
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