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SUMMARY

The inactivation of the Hnf13 gene identified an essential morphogenesis. Mutant mice also lacked interlobular
role in epithelial differentiation of the visceral endoderm  arteries. As HNF1B3 is not expressed in these cells, it further
and resulted in early embryonic death. In the present study, emphasizes the link between arterial and biliary formation.
we have specifically inactivated this gene in hepatocytes Hepatocyte metabolism was also affected and we identified
and bile duct cells using the Cre/loxP system. Mutant hepatocyte-specific HNF[ target genes involved in bile
animals exhibited severe jaundice caused by abnormalities acids sensing and in fatty acid oxidation.

of the gallbladder and intrahepatic bile ducts (IHBD). The

paucity of small IHBD was linked to a failure in the

organization of duct structures during liver organogenesis, Key words: Cre/loxP, Bile duct, Epithelium differentiation,
suggesting an essential function ofAnflb in bile duct  Gallbladder, Lipids

INTRODUCTION phenomenon (Jungermann and Katz, 1982). Hepatocyte
activities are specialized along the porto-central axis; catabolic
Liver organogenesis starts around day 10 of mouse embryonigetabolism occurs in the periportal hepatocytes, whereas
development and is completed after birth. This process requirasiabolic functions are performed by hepatocytes closer to the
the simultaneous differentiation of several cell types, includingentral vein. Thus, the balance between the two HNF1
hepatocytes and biliary epithelial cells (BEC), and theactivities along the lobules may determine which hepatic genes
formation of precise three-dimensional structures. Severare activated at a given position.
groups have attempted to unravel the genetic program thatln addition to its hepatic expressidfnf1g (Tcf2 — Mouse
controls hepatocytes and BEC differentiation by characterizinGenome Informatics) is strongly expressed in several epithelia
transcription factors enriched in these cells (Cereghini, 1996prganized in tubules, such as the pancreatic exocrine ducts and
Among these factors, the homeoprotein HRIWHNF1 the kidney tubules (De Simone et al.,, 1991; Lazzaro et al.,
(hepatocyte nuclear factof3lor variant hepatocyte nuclear 1992). As HNFB is expressed from the very onset of
factor 1) presents an interesting expression pattern. It frmation of such structures, it might play a role during
detectable in the hepatic bud and is abundantly expresseddifferentiation and organogenesis (Coffinier et al., 1999a; Ott
the gallbladder primordium (Coffinier et al.,, 1999a). It iset al., 1991). Furthermore, gene inactivation demonstrated an
detected later in the intrahepatic bile ducts (IHBD) as thegarly requirement foHnf1g3 in the differentiation of another
develop within the liver. epithelium, the visceral endoderm (Barbacci et al., 1999;
At the adult stage, HNRLis strongly expressed throughout Coffinier et al., 1999b). HNHL mutation blocks the
the biliary system. It is also expressed in periportabifferentiation of visceral endoderm and prevents its
hepatocytes. This expression pattern distinguishes BNF1specialization into the two cell types that are specific for the
from the closely related HNIEL protein that is uniformly embryonic and extra-embryonic territories. As visceral
distributed in all hepatocytes, and is expressed at lower leveéhdoderm fails to differentiate, HNB<hull mice die around
in BEC (Pontoglio et al., 1996). The difference in expressioithe time of gastrulation, preventing further study of the role of
of the two genes is interesting in light of the liver zonationrHNF1B during later differentiation events.
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To address the role of HNB1in liver organogenesis, we liver DNA by Southern blot analysis afteindlll digest using a&pnl-
generated a conditional allele of the gene and performed it§ndlll fragment located in the first intron as a probe. Control animals
tissue-specific inactivation in the liver using the Cre/loxPused in this study were of eitheinf1f'°X*, Hnf1f'>/*AlfpCre or
system (Gu et al., 1994). The loss of HISFin both anlﬁ_‘OX"aCZ. All animals were maintained under standard housing
hepatocytes and bile ducts resulted in a severe phenotyjf@nditions.
including growth retardation and jaundice. Histologicalgene expression analysis

anf’;\IySI's of the ga}l_lbladder and the larger IHBD re\/e"’llecltlorthern blot analysis were performed on 8 of liver total RNA
epithelial abnormalities. We also observed a strong decreasedpqg ug of kidney total RNA usinginf18andVicad cDNA probes,

the number of the smaller IHBD and a persistence of the ductghd a Hprt probe to normalize the samples. Expression of the
plate from which IHBD are formed. These data suggest gifferentiation markers were studied using semiquantitative RT-PCR
requirement for HNF3 in biliary epithelium formation from as described previously (Coffinier et al., 1999b). The PCR cycle
the onset of the biliary system development. Biochemical angumber were estimated for each primer pair to assure linear range
molecular studies of hepatic markers led to the identificatioamplification. The primer sequences are available on request.

of two HNF1B specific target gene€atpl(Sla21lal- Mouse Representatlonal dn‘fere_nce analysis of cDNA was carried out
Genome Informatics) an¥flcad (Acadvl — Mouse Genome following a protocol supplied by M. Hubank (Hubank and Schatz,

. . : P o 1994). PolyA mRNA were purified from 2-week-old mutant and
ilrr:fﬁ:a?;[(ljccizt'egom of which are involved in lipid metabolism control liver total RNA (Dynabeads, Dynal). Double-stranded cDNA

was prepared using oligo dT primer (Universal RiboClone cDNA
Synthesis System, Promega).

MATERIALS AND METHODS Biochemical and histological analysis
. - _ Blood total and conjugated bilirubin concentrations were measured by
Gene targeting and conditional allele generation colorimetry (Sigma — 552/553). After overnight fasting, blood

A 5.8 kb genomic fragment containing the promoter and the first exoffiglycerides and cholesterol concentrations were measured
of Hnf1B3 was previously isolated from a mouse 129SVJ genomig&nzymatically (Sigma — 336 and 352). Blood albumin and biliary acid
library (Coffinier et al., 1999b). A conditional allele was generated byconcentrations were determined by Vebiotel laboratory (94110
flanking the first exon witloxP sites for the Cre recombinaseloxP ~ Arcueil, France). Organs were fixed in formaldehyde 4% or Bouin's
site was inserted into Eincll site located 400 bp upstream of the fixative, and embedded in paraffin using routine procedures. Sections
transcription start site (Power and Cereghini, 1996) and anggk- (5 pm) were stained with Hematoxylin and Eosin.

selection gene flanked by two additionaP sites was introduced . .

into aKpnl site located 150 base pair downstream of the first exorfmMmunohistochemical procedure

All threeloxP sites were introduced in the same orientation as verified-ivers were frozen in isopentane cooled in a liquid nitrogen bath, and
by sequencing. In addition, a ptkgene isolated from pPNT was sectioned at fim using a cryostat. Sections were air-dried overnight,
added downstream to the right recombination arm to allow doubléixed in acetone at 4°C for 10 minutes and washed in two changes of
(Neo+ tk-) selection (Tybulewicz et al., 1991). CK35 ES cells (KressTris-buffered saline and treated with a blocking buffer (TBS/normal
et al., 1998) were electroporated with the linearized vector. Aftegoat serum 10%/bovine serum albumin 1%/Triton X-100 0.3%) for
selection, G418-resistant clones genotype was probed by Southe¥l minutes. Thereafter, sections were washed in TBS, incubated with
blot analysis afterXba digest using the two external probes primary antibody (rabbit anti-human keratin A0575, Dako or
previously described (Coffinier et al., 1999b), and five correctlymonoclonal antat smooth muscle actin 1A4, Dako; 1/250 dilution in
recombined clones were identified. Cre-mediated recombination wa3S/normal goat serum 1%/BSA 0.1%/Triton X-100 0.3%) overnight
obtained after electroporation of “ifecombinant ES cells using 15 at 4°C, washed again and incubated with secondary antibody
ug plC-Cre vector (Gu et al., 1993). After low-density plating, (Envision+Peroxidase Rabbit, Dako or anti-mouse IgG, HRP-linked
individual colonies were cultured in duplicate, in the presence or ilNA931, Amersham; 1/400 dilution) for 30-60 minutes at room
absence of 30Qig/ml G418. After a 7-day culture, G418-sensitive temperature. Sections were stained with 3-amino-9-ethylcarbazole
clones were amplified and genotyped by PCR using primers flankingCN Biochemicals) and counterstained with Hematoxylin.

the loxP sites YHP9 GGG GTG GCC TGC TCT AGG TGG C;

VHP8 GCT CTC CAG GTC CTC CTC AGC TCC G/IR3 CTT

TTC GCT GCA CCC ACC AGC CEX11 GTC CAA GCT CAC RESULTS

GTC GCT CCVIR4, CCA GGT CTT TGC AGA GAA CTG C) (Fig.

1A). Out of 240 clones isolated after Cre expression, 50 had lost th§eneration of a HNF1 B conditional allele

selection gene, including 48nf13e and twoHnf131°9% clones, as . . . .
identified by PCR. Both clones containing a floxed first exon and 5“\”:13 null mutation resulted in an early embryonic lethality,

deleted loci were isolated. Mice strains carrying eitheinezglo<or ~ OWing to a defect in visceral endoderm differentiation
a Hnf13¢ allele were established on a mixed C57Bk/@29svJ  (Barbacci et al., 1999; Coffinier et al., 1999b). We generated a
background, and genotyped by PCR using the primers describ@®nditional allele of théinfI3gene using the Cre/loxP system
above. (Gu et al., 1994) to analyze potential functions at later stages
Liver-specific inactivation of the  Hnflb gene _of development.loxP_ sites for the Cre recombinase were
o , introduced on both sides of the first exon followed by a PGK-
The Alfpg:re tran;gem;,l;nii (establls_?_ed_ onaFV B/NK ﬁf“’kgm‘;”dheo selection marker also flanked byoaP site (Fig. 1A).
was used to produce HNpliver-specific inactivation (Kellendon Removal of theneoselection cassette, by transient expression

et al., 2000).3-galactosidase staining was performed according to . s
standard procedures on animals resulting from the crossing of AlfpC the Cre should result in a conditional or floxed allele, as the

strain with the R26R strain (Soriano, 1999). Mice were genotypef€MainingloxP should not interfere with gene expression (Fig.
using the primers described above and additional primers specific f8/\). Recombination between the first and thicatP sites

the Hnf182<Z allele (Coffinier et al., 1999b) and the Cre transgeneresulted in deletion of the first exon and creation of a null allele,
(Lakso et al., 1992). Cre recombination efficiency was assessed ¢tnf13 €. Two ES clones, ondnf1#e and oneHnf131°% were
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Fig. 1. Targeted inactivation ¢ A KH probe
theHnf1Bgene in the liver. '
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Liver DNA from mice of HPRT > “' "“ . -
either mutant

(Hnf1gaczifloxafpCre) or

control genotypesHnf1F1oX* Hnf1glox+AlfpCre or Hnf13lox1ach were digested by the restriction enzyriadlll and probed with the KH
probe indicated on Fig. 1A. Bands characteristics for the different alleles are indicated on the right. Del* indicates af pastiatdigestion
specifically observed for thénf13 e allele. A rate of 80% conversion of thimf1F9%allele into theHnf1 € form was estimated, by semi-
guantitative PCR, for the Cre-positive animals. As hepatocytes represent about 70% of liver cells and biliary tree ciflateppi@®o, we
concluded thalnf1Binactivation was achieved in a majority of hepatic cells. (E) Northern blot analysis of 1-month-old mutant and control
liver RNA, showing the complete loss of HNF-éxpression after Cre recombination. Total RNA was hybridized with IBNBNA and after
stripping probed for HPRT expression to check for loading. Scale bargmi.00

injected into blastocysts to generate chimeric mice anttansgene expressed in these cells or in a common precursor.
heterozygous offspring. As previously reported, theThe AlfpCre transgene contains both albumin and
Hnf1pel/del mutation resulted in an early embryonic lethality fetoprotein regulatory elements, drives Cre recombinase
(Coffinier et al., 1999b). By contragtinf13lo¥floxmice were  expression in the hepatic bud as early as embryonic day 10
born at a normal Mendelian ratio and were healthy and fertilE10) and targets both cell lineages (Kellendonk et al., 2000).
Thus, theHnf1g'ox allele is equivalent to a wild-type allele and To extend these initial data, AlfpCre activity was analyzed after
deletion by the Cre recombinase should result into a nulirossing the AlfpCre transgenic mice with the ROSA26 Cre

mutation,Hnf13%e! reporter line (R26R) carryinglacZ gene that is activated after
) o Cre-driven recombination (Soriano, 1999). Liver sections
Liver-specific inactivation of the  Hnf1b gene prepared at birth showed specifiegalactosidase staining in

In the liver,Hnf1B displays a complex expression pattern. It isall hepatocytes and in all cells of the IHBD. By contrast no
strongly expressed in the biliary epithelial cells, and moretaining was detected in endothelial cells or portal vein
weakly in the hepatocytes localized at the periphery of thenesenchyme (Fig. 1B). The homogenous staining suggested
hepatic lobules (Coffinier et al., 1999a). To inactivate thehat efficient recombination occurred in both hepatocytes and
Hnf1B gene in both cell types, we required a Cre recombinadailiary epithelial cells or more probably in the hepatoblast, the
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Fig. 2. HNF1 liver-specific mutation results

in a severe growth defect and in accumulation
of bile components in serum. (A) Picture of
2-month-old control and mutant littermates.
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postulated common precursor of both cell types. Furthermoré{nf1 8 mutation results in severe growth retardation
these data confirm that Cre expression occurred before biénd jaundice
duct morphogenesis, which starts around E15, as differentiatédver-specific inactivation of theinfZI3gene resulted in a clear
biliary epithelial cells do not express the albumin genghenotypeHnf1gacZ/floxalfpCre mice showed severe growth
(Shiojiri, 1997). In contrast to the uniform staining observedetardation, hypertrophy of the liver and chronic jaundice.
in the liver, the gallbladder sections showed only patch@s of Although some variations in the growth retardation were
galactosidase staining in the inner epithelium (Fig. 1C). As thebserved, the jaundice and the liver enlargement were fully
gallbladder separates from the liver bud and stops expressipgnetrant among the mutant animals.
the albumin gene at day E10.5, the patchy staining suggests éBody weight differences could be measured as early as day
shorter exposure to Cre activity, resulting in recombinatior? after birth and increased with time (data not shown and Fig.
events occurring only in a few precursor cells. 2A,B). The weight differences between mutant and control
Liver-specific inactivation of théinf1f gene was achieved littermates were more dramatic by the time of weaning,
by crossinginf131o¥loxmice with animals carrying oénf18  reaching a growth plateau. In addition to their smaller size,
null allele and an AlfpCre transgeneinf132cZ*AlfpCre)  mutants were cachectic with reduced adipose tissue and
(Coffinier et al., 1999b). One recombination event per cell wamuscular atrophy. Despite the severity of their phenotype, most
sufficient to generate a homozygous null mutation inmutants survived for several months.
Hnf1gacZiflonlfpCre  offspring. Pups presenting the four Jaundice, or high plasma levels of bilirubin, is a hallmark of
possible genotypes were born in normal Mendelian ratios (dateepatic or bile system damage. Bilirubin, an end metabolite of
not shown). Recombination efficiency at tHaflflocus was heme degradation, is formed in the liver and further processed
confirmed by Southern blot analysis of liver DNA using ainto a conjugated form before secretion into the biliary system.
probe distinguishing between all fodnf1Salleles: wild type,  Bilirubin conjugation is catalyzed in hepatocytes by uridine
Hnf1p2¢Z Hnf13lox and Hnf1e! (Fig. 1D). To confirm the diphosphate glucuronosyltransferase (UGT). Accumulation of
loss of Hnf1p expression inHnf132cZ/oXAIfpCre mice, a  unconjugated bilirubin is an indicator of hepatic failure, whereas
northern blot analysis was performed on total liver RNA usingccumulation of conjugated bilirubin implies a post-hepatic
a probe specific foHnf1g3 transcript. NoHnfI3 RNA was  defect, such as bile duct obstruction. Increased bilirubin levels
detected in the mutanHaf132cZ/*AlfpCre) livers compared were detectable 1 week after birth and reached 30-fold excess at
with controls, either Hnf1310X*  Hnf110x*AlfpCre or 2 month stage (Fig. 2C). Despite this dramatic excess, conjugated
Hnf1glox/lacZ (Fig. 1E). The loss of the transcript was tissue-bilirubin represented similar percentages of the total bilirubin in
specific as equal amountskinfI3RNA were detected in total mutant and in control serum (mutants: 64.0+8.486, controls:
kidney RNA from both control and mutant animals (data no71.5+10.2%n=3). These results indicated a defect downstream
shown). Based on AlfpCre activity described above and oof bilirubin processing. In addition, accumulation of conjugated
both DNA and RNA analysis, we concluded that Crebilirubin suggested that the conjugation machinery functions
expression in the mutant mice led to the specific inactivatioborrectly in HNFB mutant hepatocytes as a large excess of
of theHnf1gene in hepatocytes and IHBD epithelial cells. Inbilirubin was processed. Bile acids, other bile components
addition, our data suggested that partial deletion may hawgenerated by the catabolism of cholesterol, also showed a
occurred in the gallbladder. dramatic increase in adult serum (Fig. 2D).
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Fig. 3. Abnormal extrahepatic biliary epithelium in the mutant
mice. (A-C) Extrahepatic biliary tract of 2-month-old control

(A) and mutant (B,C) mice. Mutant gallbladders are irregularly
shaped. Some mutants show dilated cystic duct. gb, gallbladder;
cd, cystic duct; bd, common bile duct; dd, duodenum. Scale
bars: 5mm. (D-E) Gallbladder sections for control (D) and
mutant (E) animals. In the mutant sample, the normal cuboidal
epithelium is replaced in some areas by a stratified squamous
epithelium (arrowhead) or mucus-secreting cells (arrow). lu,
lumen. Scale bars: 1Q0n in D; 150pum in E.

Immunostaining of liver sections with anti-cytokeratin
(CK) antibodies specific for biliary cells (van Eyken et
al., 1987) showed that, in two-month old mutant mice,
most portal tracts did not contain any recognizable bile
ducts (Fig. 4A,B). As this defect is already seen in 1-
week-old mutant mice, it indicated the lack of
formation of interlobular bile ducts. The larger bile
ducts still present in mutant livers were abnormal. In
contrast to normal bile ducts that are formed of a
simple cuboidal epithelium, they were lined by a
dysplasic multi-layered epithelium with delocalization
of the nuclei from the basal membrane, both indicative
of epithelial disorganization (Fig. 4C,D). These
HNF1pB mutation results in gallbladder epithelial observations provide the first evidence that HPBIF1
dysplasia and in a paucity of intrahepatic bile ducts participates in the genetic program that directs IHBD
Despite a probably incomplete deletion of thefI3 gene in  morphogenesis.
the gallbladder, as suggested by the data reported in Fig. 1E,A lack of formation of interlobular arteries was also seen in
its morphology was strongly affected in mutant animals andnutant mice and confirmed by aantismooth muscle actin
was characterized by an irregular shape interrupted by sevemmimunostaining (Fig. 5). AsHnfif is not expressed in
constrictions (Fig. 3A-C). In some extreme cases, the cystiendothelial cells, this defect is probably a secondary
duct was completely dilated and no duct was really identifiablegonsequence of the mutation. This observation points to a link
at the same time, the common bile duct was affected and thetween arterial and biliary development within the liver. As
boundary between the two ducts could not be determined (Figuggested by other groups, arteries-bile ducts interaction may
3C). Histological staining of tissue sections revealed that thplay an important role in establishing three-dimensional liver
inner layer of the gallbladder presented areas with disorganizetructures during organogenesis (Desmet, 1992).
epithelia in place of a typical cuboidal epithelium (Fig. 3D,E).
Some of the abnormal cells presented a morpholog!
reminiscent of mucus-secreting cells (Fig. 3E). Despite thes
abnormalities, the gallbladders were filled with bile and
communicated normally with the liver and the duodenum. Wi
conclude that extrahepatic biliary obstruction was not the cauy
of cholestasis. ;
Analysis of the IHBD revealed a dysplasia of the largei
bile ducts and a reduced number, or paucity, of small IHBD

Fig. 4. Intrahepatic bile duct status in mutant mice.

(A,B) Immunostaining for cytokeratin (CK) on control (CO) and
mutant (M) liver sections, isolated two months after birth.

(A) Control livers contain a large number of well differentiated bile
ducts with a layer of CK-positive cells surrounding a lumen .
(arrowheads). (B) Mutant livers present a very disorganized biliary
system. Most portal tracts do not contain any bile duct or CK-
positive cell. Hepatocyte necrosis, inflammation and oval cell
proliferation are also seen in mutant livers at this stage.
(C,D) Histological analysis of the larger intrahepatic bile ducts on
control and mutant animals. Arrows in C indicate two normal bile
ducts. The ducts of different size feature a single-layer epithelium
with regularly spaced nuclei. By contrast, mutant bile ducts present
disorganized multi-layered epithelium (arrow in D). bd, bile duct;
pv, portal vein. Scale bars: 1 mm in A,B; 1@® in C,D.
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normal ducts. Therefore HNBIplays an essential role in the
differentiation of the IHBD.

Hnfl B is required for lipid metabolism

To further probe the consequence of HRkactivation in the
liver, a panel of biochemical parameters was analyzed in the
serum of both mutant and control littermates. General hepatic
functions were assessed by measuring the level of serum
albumin. No significant difference was detected between the
mutants (22.2+2.9 g/h=4) and controls (25.7+£3.1 gti=4).
However, in addition to the accumulation of bilirubin and bile
acids described above, the levels of serum cholesterol and
triglycerides were found to be dramatically increased, as early
as one week after birth (Fig. 7A,B). These levels increased
between 1 and 2 weeks of age and then became stabilized. Bile
represents a major route for the excretion of organic solutes,
such as bilirubin. Furthermore, cholesterol degradation into
Fig. 5.Lack of arteries in mutant portal tracts. Immunostainingdfor bile acids and biliary cholesterol secretion are the major
smooth muscle actin (SMA) on control (CO) and mutant (M) liver  pathways to eliminate excess cholesterol (Repa and
sections, isolated two months after birth. (A,C) Control livers show Mangelsdorf, 2000). Thus, bilirubin, bile acids and cholesterol
SMA-positive arteries (arrowheads) located around portal veins.  5ccumulation observed in mutant mice could result from a
Portal veins (pv) are also stained with the antibody. (B,D) In mutant .o, 4,ce pile flow due to IHBD paucity. These accumulations
Iell\;grs almost all structur.es stained are veins. Only few large arterlesCould also be due to the combined effect of a hepatocytic defect

present. Scale bars: 10. : : . -

and a bile flow defect. Indeed, high levels of triglycerides

suggested that hepatocyte metabolism may be affected by
Hnf1p liver-specific deletion.

HNF1( is essential for normal intrahepatic bile ducts
differentiation and morphogenesis The loss of HNF1 3 affects the expression of

To further analyze IHBD development in mutant mice, wehepatocyte-specific genes
stained liver sections at different stages with anti-cytokeratifo characterize the hepatocyte defects and to identify liver-
(CK) antibodies. IHBD formation begins with the specific HNFP target genes, we analyzed the expression of a
differentiation of hepatoblasts located at the interface betweerumber of hepatic genes by RT-PCR on total liver RNA. The
portal mesenchyme and liver parenchyma (Desmet and Callezgpression of the liver-enriched transcription factéisfla
1990). At E15.5, a continuous layer of CK-positive cells, als¢Tcfl— Mouse Genome Informaticdjinf4a, Hnf33 (Foxa2—
called ductal plate, is detected along the periportaMouse Genome Informatics) artdnf6é (Onecutl— Mouse
mesenchyme. From E16.5 onwards, the bile ducts begin 8enome Informatics) was not significantly affected by the loss
differentiate by forming a lumen within the ductal plate that isof HNF13 (data not shown). The expression of the secreted
surrounded by CK-positive cells (Fig. 6A,B). Bile duct protein Transthyretin, the epithelial marker E-cadherin and the
differentiation progresses by the incorporation of the ductbepatocyte-specific connexin 32 were also normal (data not
within the periportal mesenchyme, while the ductal plateshown). As lipid metabolism was strongly perturbed in the
located between two adjacent bile duct regresses. By day b@utants, we studied the expression of the apolipoproteins Al,
after birth (P10), bile duct differentiation is almost complete All, AlV, B, ClI, Clll and E, which were all expressed at
although some remnant ductal plate can still be seen [seé@nilar levels between mutants and controls (data not shown).
accompanying paper (Clotman et al., 2002) and Fig. 6E]. IM/e also examined the expression levels of molecules involved
contrast to the pattern observed for the control animals, E17iB bile formation. For example, bile acids are produced in the
mutant embryos showed a very disorganized ductal plate wiliver from cholesterol through two alternative pathways
irregular lumens and the layer of CK-positive cells surroundingRussell and Setchell, 1992). The cholesterol hydroxylase
lumens displayed interruptions (Fig. 6C,D). Cyp7a performs the first step of the major pathway, whereas
IHBD developmental defects resulted in a very disorganized is carried out by Cyp27 in the alternative pathway. Both
biliary system. For each mutant anima#t4), less than 5% of Cyp7aandCyp27were normally expressed in the mutant livers
the portal tracts presented a normal duct pattern at day @ompared with controls (data not shown). Recent studies have
42+4% of the portal tracts lacked any bile duct-like cells odemonstrated that biliary acid synthesis is tightly regulated by
showed few CK-positive remaining from the ductal plate (Figtranscription factors of the nuclear receptor family. lOXR
6F). By contrast, 46+9% of portal tracts presented strong CKtimulates Cypd expression after binding to oxysterols
staining, either as remnants of the ductal plate or as clusters(@anowski et al., 1996), whereas FXR, SHP-1 and LRH-1
CK-positive cells incorporated in the portal mesenchyme buyparticipate in a negative feedback loop activated by bile acids
lacking a normal lumen (Fig. 6G). In some cases, dysplasic bilg&soodwin et al., 2000; Lu et al., 2000). Surprisingly, despite
ducts were also observed (Fig. 6H). In conclusion, cell-specifithe huge excess of bile acids accumulated in the mutant tissues,
Hnf1B deletion led to important morphogenetic defects of theno variation was observed in the expression of these nuclear
developing IHBD. The paucity of IHBD observed postnatallyreceptors between mutants and controls (data not shown).
in the biliary tract is probably caused by a failure to organize Bile traffic involves numerous transporters (Kullak-Ublick
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Fig. 6. TheHnf1B mutation affects intrahepatic
bile duct development. Immunostaining for
cytokeratin (CK) on control (CO) and mutant (M)
liver sections. (A-D) E17.5 fetuses. (A,B) Control
livers show a well-formed and stained ductal
plate, and some bile ducts that are beginning to
differentiate (arrows). (C,D) Mutant livers show
disorganized ductal plate with irregular duct-like
structures not completely surrounded by CK-
positive cells (arrowheads). (E-H) P8 livers.

(E) Differentiated bile ducts are seen on control
mice. Some remnants of the ductal plate are still
visible (arrowhead). (F-H) Mutants show no or
very few CK-positive cells (arrowhead) (F),
ductal plate remnants and abnormal CK-positive
structures within the portal mesenchyme (G), or
abnormal bile ducts (H). hp, hepatic parenchyma;
pv, portal vein; pm, portal mesenchyme;

dp, ductal plate; bd, bile ducts. Scale barsus0

downregulation could also contribute to the
bile acid accumulation in the serum, as bile
acids will then be less efficiently reabsorbed
from blood.

Data resulting from the use of
representational difference analysis (RDA)
of cDNA (Hubank and Schatz, 1994) of
mutant versus control livers led to the
identification of another HNFLtarget gene.
The transcription of very long chain
acetylCoA dehydrogenase/I¢ad), one of
the four key enzymes of fatty acid oxidation
(Beinert, 1963), was strongly decreased in
the mutant samples (Fig. 7D). Thécad
promoter (GenBank Accession Number,
AJ012054) contains two HNF1 consensus
binding sites located at positions —71 and
—332, but its expression is not affected in the
Hnfla~- mice (data not shown). Therefore,
VLCAD constitutes a HNH3 specific target
gene. A defect in fatty acid oxidation could
account for the accumulation of triglycerides
observed in the mutant serums. As fatty acid
et al., 2000; Trauner et al., 1998). Ntcp (Slcl0al), axidation is performed by hepatocytes, this further indicates
Na"-dependent transporter, and the sodium independetitat HNFP plays specific roles in hepatocyte functions.
transporters, Oatpl, Oatp2 and Oatp4 (Slc2lal, Slc21a5 and
Slc21a6), participate in the reabsorption of bile acids from the
blood in the sinusoids toward the hepatocytes. They play @SCUSSION
important role in allowing the sensing of bile acid levels in the
blood by hepatocytes. cMoat (canalicular multiple organicThe liver fulfills many essential functions in mammalian
anion transporter; Abcc2 — Mouse Genome Informatics) andrganisms. The organ is formed from several cell types that are
Bsep (bile salt export pump; Abcbll — Mouse Genomerganized into a well defined three-dimensional structure.
Informatics) deliver, respectively, bilirubin and bile acids fromHNF1a and HNFB were initially characterized as two closely
the hepatocytes to the bile ductule. We found @eatiplwas related homeoproteins that activate the transcription of liver-
specifically downregulated in the absence of HBIRthereas specific genes. Subsequent studies showed that both proteins
the other six transporters remained almost unaffected (Fig. 7itave a more extended expression pattern, including epithelial
and data not shown). This decreas®©mtplexpression was cells of the kidney, pancreas and intestine (Blumenfeld et al.,
observed in 2-week-old mice, suggesting that it could be &991; Coffinier et al., 1999a; De Simone et al., 1991; Lazzaro
direct consequence of HNBHeletion in hepatocytes and not et al., 1992; Pontoglio et al., 1996)nfla is not essential for
a secondary effect of cholestasis. Interestingly, Oatpl is alsonr@rmal mouse development, but its absence results in hepatic,
target of HNF& factor (Shih et al.,, 2001). Oatpl pancreatic and renal functional defects (Pontoglio et al., 1996;
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Fig. 7.(A,B) HNF1B is required for the general lipid 600
homeostasis. Biochemical analysis of cholesterol (A) and 1200
triglycerides (B) levels in mutant (black bars) and control
(gray bars) mice at the age of 1 weekg), 2 weeksr{=6) 800
and 8 weeksnE6). All differences between mutant and
controls were significanP&0.05). There is no significant 200
difference between 2- and 8-week-old mutants. Triglyceride 400
level for 1-week-old mutant is abnormally elevated despite
the lack of comparison with the control. Standard deviation 0 . 2 s 0 1 2 8
for each sample is featured as error bars. (C,D) HN&1 Age (weeks) Age (weeks)
required for the expression of the Oatpl transporter and the
fatty acid dehydrogenase VLCAD. (C) Semi-quantitative RTC. " @ D.
PCR analysis of liver organic anion transporters expression 660 &»‘*‘ o
(Slc21al/Oatpl; Slc21a5/0Oatp2; Slc21a6/Oatp4). Genotypes &£ & &
are indicated on top. HPRT primers were used as a o&* &
normalizing standard for the RT samples (HPRT) and as a Oatpl e v 0.07 d &
reverse transcription control (HPRT —RT). Gene expression
was measured in six mice for each genotype. (D) Northern Oatp2 B 0 et @ 1.1 VLCAD ' - W o3
blot analysis of very long chain acetylCoA dehydrogenase Oat - e (o
(VLCAD) mRNA levels. HPRT cDNA probe is used as a P HPRT wew -
normalizing standard. Gene expression was measured in four HPRT S & Su wu
mice for each genotype. Ratios between mutants and controls
are shown after HPRT normalization (M/CO).

HPRT -RT

Pontoglio et al., 1998; Pontoglio et al., 2000; Shih et al., 2001jor normal IHBD morphogenesis during liver formation.
By contrastHnf13is required for early mouse development.Similar features were observedHimf6~-mice, demonstrating
In particular, it is essential for the proper differentiation of thehat both HNFB and HNF6 act in a transcription factor
visceral endoderm during gastrulation (Barbacci et al., 199%1etwork involved in IHBD formation [see accompanying paper
Coffinier et al., 1999b). In the present study we investigate@Clotman et al., 2002)]. The results from Clotman et al.,
the potential role played by HNBIduring development and suggest that a HNF6HNF1[3 cascade may be an important
organogenesis using cell-specific gene inactivation. Weomponent of this network. These two complementary studies
demonstrate that HNIBlis essential for the formation of a are the first to identify specific transcription factors involved in
functional bile duct system and for several hepatic metabolithe IHBD differentiation program. In addition to the paucity of
functions. small IHBD observed in newborn, we observed a dysplasia of
Replacement of the first exon of HNF1lwith (- larger IHBD and of the gallbladder. The epithelium presented
galactosidase followed by in situ staining has demonstrateabnormal characteristics with a delocalization of the nuclei
that this gene is abundantly transcribed in the bile dudrom the base of the cell, the organization of multiple layers of
epithelium (Coffinier et al., 1999a). Much lower expressioncells or the presence of ectopic epithelium. These observations
was observed in periportal hepatocytes. To inactivate the gesaggest an effect ¢inf1inactivation on the maintenance of
in both cell types, we crossed HNF-floxed mice with an epithelial differentiation. As previously suggested for the
AlfpCre mouse. This mouse was shown to express theisceral endoderm, HNIBL could regulate fundamental
recombinase in the liver primordium from day 10 of gestationcharacters of epithelium identity such as the basal position of
At this time point, the Cre should be expressed in thé¢he nuclei and the growth in monolayer of cells. Thus, HNF1
hepatoblast that give rise to both hepatocytes and biliary duseems to have a dual function in controlling both the
cells. Crosses between the AlfpCre mouse and the ROSAZ2ffferentiation and the proliferation of certain epithelial cells.
floxed 3-galactosidase reporter strain, showed that inactivation Paucity of IHBD correlates, in mutant mice, with a lack of
occurred in both cell types. Furthermore we have seen thatterlobular arteries. AsInf13is not expressed in endothelial

partial inactivation occurs in the gallbladder epithelium. cells, this defect is an indirect consequence of the mutation.
These findings demonstrate that proper morphogenesis of bile

HNF1p is an essential factor in the intrahepatic bile ducts is necessary for arterial vascularization of the liver.

duct differentiation pathway Intercellular signals from biliary epithelial cells may act on

Inactivation of HNFPB in precursors of intrahepatic biliary endothelial or smooth muscle cells differentiation and/or
epithelium led to paucity of interlobular bile ducts andproliferation to establish the correct three-dimensional liver
dysplasia of larger hepatic bile ducts epithelia.organization.

Immunohistochemical analysis showed that bile duct defects o )

were already present at E17.5, and that ductal plate, frofelationship with human diseases

which IHBD develop, abnormally persisted after birth inHuman autosomal dominant mutations inkiméZ3gene result
mutant mice. Paucity of IHBD is thus directly linked to ain a particular form of type Il diabetes called maturity onset
developmental defect, demonstrating that HBIsLessential diabetes of the young type 5 (MODY5) (Horikawa et al., 1997).
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In some of the carriers of these mutations, kidney In conclusion, our results show that in hepatocytes HiNF1
developmental defects, which are associated with intern&las a specific role not fully redundant with HNEMoreover,
genital abnormalities, were also observed (Lindner et al., 1998&etabolic abnormalities observed in the mutants correlate
Nishigori et al., 1998). Liver function of individuals with strikingly with the expression of thdnf1f gene in the liver.
MODY5 was poorly investigated, owing to the low occurrenceDwing to the functional zonation of hepatocytes in the lobules,
of cases. However, a liver function exploration in Japanesthe periportal hepatocytes are the major site of bile excretion
individuals with MODY5 reported high levels gfglutamyl  and of oxidative energetic metabolism, including fatty acid
transpeptidase, aspartate and alanine amino transferasesidation (Jungermann and Katz, 1982). As reported in a
indicative of hepatic failure (lwasaki et al., 1998). A case ofrevious study, HNH1 is expressed in a subpopulation of
hyperbilirubinemia was also described. These values weteepatocytes located at the lobule periphery, whereas 8INF1
significantly higher than normal values and were not observedhs been shown to be expressed in all hepatocytes (Coffinier
in individuals with MODY1/HNF&4 or MODY3/HNFIa, et al., 1999a; Pontoglio et al., 1996). Thus, only the periportal
suggesting that autosomal dominant HRRiutations may, at hepatocytes would be affected by the loss of HBJRthich
least in some cases, be specifically associated with liveorrelates with the alterations of biliary acids transport and
dysfunction. Whether this liver dysfunction is linked to bilefatty acid oxidation. We propose that the abnormal HNF1
duct defects similar to those observed in mice, remainactivity in this subpopulation of cells, which is due to the lack
unknown. of HNF1B, resulted in a strong decrease of Oatpl and VLCAD
Congenital diseases of IHBD can affect different levels oexpression. These observations indicate that HINFiay
the biliary tree and can be characterized by dilatation oparticipate to establish functional zonation within the liver by
involution of the bile duct structures. All these diseases seespecification of periportal hepatocytes.
to have a developmental origin and to result from ductal plate Finally, HNF13 is also expressed in other tubular structures
remodeling problems, also called ‘ductal plate malformationssuch as pancreatic exocrine ducts and kidney tubules
(DPM) (Desmet, 1992). The hepatic phenotype of HNF1 (Coffinier et al., 1999a). Moreover, this expression starts with
liver specific inactivation mice resembles, in some aspectshe onset of differentiation of these structures. The role of
two human syndromes: Alagille’s syndrome, which isHNF1B in bile duct formation and its specific expression
characterized by a paucity of interlobular bile ducts, angbattern suggests that this gene could also be controlling
Caroli’'s disease, a congenital non-obstructive dilatation of thpancreatic ducts and kidney tubule morphogenesis. BNF1
larger IHBD. However, the phenotype of our mutant mouseould be part of a general developmental program leading
does not perfectly match the description of these congenitéd establishment of epithelial tubular structures during
diseases. Despite the divergence of phenotypes observed, stadganogenesis of several organs. This question may be
of mice lackingHnfZSmay provide some insights into the early addressed by studying crosses oftimé1floxed mouse with
development of DPM disease in humans. other cell-specific Cre-expressing mice.
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