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Liver fibrosis is a wound-healing response to chronic injury of any
type and is characterized by a progressive increase in deposition of
extracellular matrix (ECM) proteins, the major source of which are
activated hepatic stellate cells (HSCs). Because the LIM homeobox
gene Lhx2 is expressed in HSCs and liver development in Lhx2�/�

mice is disrupted, we analyzed liver development in Lhx2�/�

embryos in detail. Lhx2�/� embryos contain numerous activated
HSCs and display a progressively increased deposition of the ECM
proteins associated with liver fibrosis, suggesting that Lhx2 inhib-
its HSC activation. Transfection of Lhx2 cDNA into a human HSC line
down-regulates expression of genes characteristic of activated
HSCs. Moreover, the Lhx2�/� liver display a disrupted cellular
organization and an altered gene expression pattern of the intra-
hepatic endodermal cells, and the increased deposition of ECM
proteins precedes these abnormalities. Collectively these results
show that Lhx2 negatively regulates HSC activation, and its inac-
tivation in developing HSCs appears therefore to mimic the signals
that are triggered by the wound-healing response to chronic liver
injury. This study establishes a spontaneous and reproducible
animal model for hepatic fibrosis and reveals that Lhx2 expression
in HSCs is important for proper cellular organization and differen-
tiation of the liver.

hepatic stellate cells � cirrhosis � liver regeneration

L iver fibrosis and its end stage cirrhosis represent an enormous
worldwide health-care problem. The common causes of liver

fibrosis are different chronic injuries inflicted on the liver, such
as alcohol abuse, viral hepatitis, bile-duct obstruction, immune
mediated damage, and a group of developmental abnormalities
collectively referred to as congenital hepatic fibrosis (1–3). The
development of fibrosis is the result of the sustained wound-
healing process that occurs in the liver in response to the
different chronic injuries (1, 4). All forms of fibrosis and
cirrhosis, independent of the underlying etiology, have several
common features, such as excessive and disorderly deposition of
extracellular matrix (ECM) proteins and distorted hepatic ar-
chitecture, that eventually can lead to impairment of liver
function (5–7).

Several lines of evidence support the hypothesis that the
hepatic stellate cell (HSC) (also known as lipocyte, fat-storing
cell, or Ito cell) is the central mediator of the fibrogenic process.
In a normal liver, HSCs store retinoids and are localized in the
subendothelial space of Disse that separates the hepatocytes
from the sinusoidal endothelium (8, 9). In the injured areas of
the liver, HSCs become activated and undergo transformation
into myofibroblast-like cells. The activated HSCs start to pro-
liferate and are the main source of the ECM proteins that are
known to accumulate in fibrotic livers (10–13). The external
stimuli that trigger activation of HSCs have been studied exten-
sively both in patient material and animal models, but the genes
mediating the response in HSCs are largely unknown (2).

We have recently shown that the LIM homeobox gene Lhx2 is
expressed in HSCs in the adult liver (14). Lhx2�/� embryos
develop liver hypoplasia and die at approximately embryonic day
16 (E16) of anemia caused by an uncharacterized defect in
nonhematopoietic mesenchymal cells (14, 15). Because the
fibrogenic process in liver fibrosis and cirrhosis is caused by
phenotypically altered HSCs (1, 4, 11, 16), we investigated liver

development in Lhx2�/� embryos in detail. Interestingly, the
Lhx2�/� mouse embryos develop a spontaneous and progressive
hepatic fibrosis displaying many of the characteristics ascribed to
the pathogenic process occurring in patient material and in
animal models of liver fibrosis.

Methods
Mice and Embryos. Generation of Lhx2�/� mice has been reported
(15), and they were maintained and genotyped as described (14,
17). All experiments involving animals in this study have been
approved by the ethical committee at Umeå University.

Immunohistochemistry, Antibodies, Histochemistry, and in Situ Hy-
bridization. Two to six embryos from independent litters were
analyzed in each staining. Collected tissues were fixed with 4%
paraformaldehyde and embedded subsequently in either paraf-
fin or OCT compound (Sakura, Zoeterwoude, The Nether-
lands). Paraffin-embedded sections were processed for hema-
toxylin–eosin staining or Gordon and Sweet’s method for silver
staining of reticulin fibers according to standard procedures.
Immunostaining was carried out as described (18) by using the
following primary antibodies: biotinylated rabbit anti-albumin,
rat anti-E-cadherin, rabbit anti-�-fetoprotein (AFP), rabbit anti-
desmin, mouse anti-desmin, rabbit anti-collagen IV, rabbit anti-
laminin, rabbit anti-human cytokeratin, rat anti-PECAM-1,
mouse Cy3-conjugated anti-�-smooth muscle actin (ASMA),
and mouse anti-fibronectin. The following secondary antibodies
were used for immunofluorescence: Cy3 anti-rabbit IgG, Alexa
Fluor 488 goat anti-mouse IgG1, and donkey anti-rat IgG.
Dolichos biflorus agglutinin conjugated to biotin was used. The
albumin antibody and D. biflorus agglutinin was detected by
using the avidin–biotin method and 3,3�-diaminobenzidine tet-
rachloride as a chromogen. The sections were routinely coun-
terstained with 4�,6-diamidino-2-phenylindole for visualization
of cell nuclei. Sources and catalog numbers of all of the
antibodies and reagents that were used are described in Sup-
porting Methods, which is published as supporting information on
the PNAS web site. Antisense Lhx2 probe was prepared as
described (14). In situ hybridization was carried out by using
standard hybridization techniques with the modifications de-
scribed in Supporting Methods. Confocal microscopy analyses
were carried out as described (14). Quantification of desmin-
positive cells is described in Supporting Methods.

RNA Preparation and Real-Time PCR Analyses. Total RNA was
extracted from a pool of two to three livers from WT and mutant
animals by the NucleoSpin purification kit (BD Biosciences).
cDNA was synthesized by using the First Strand cDNA synthesis
kit (Amersham Biosciences). Real-time PCR analyses were
carried out in triplicates on three independent cDNA prepara-
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tions from WT and mutant livers. A detailed description of the
real-time PCR procedure and the primers that we used is given
in Supporting Methods.

Transfection of LX-2 Cell Lines. Cells were seeded at 106 cells per
dish in 10-cm culture dishes at 24 h before transfection. Cells
were transfected by using 5 or 10 �g of mouse Lhx2 expression
plasmid or empty vector (pcDNA3.1, Invitrogen) as control in 15
�l of Fugene reagent according to the manufacturer’s recom-
mendations. Cells were collected 24 h after transfection, total
RNA was isolated by using RNeasy kit (Invitrogen) and a reverse
transcription, and real-time PCR analyses were performed. No
difference in viability between the cells transfected with Lhx2
plasmid or empty vector was observed. Five independent trans-
fections were carried out with similar results.

Results
Increased Expression and Deposition of ECM Proteins in Lhx2�/� Fetal
Livers. We initially compared fetal livers from Lhx2�/� and WT
embryos at E14.5, at which time the liver is well developed and
phenotypic differences between WT and mutant livers are easily
discerned. In addition to the reduced size, the livers from mutant
embryos contained fibrous-like tissue (Fig. 1B) not observed in
WT livers (Fig. 1 A), suggesting an ongoing fibrogenic process.
The hallmark of fibrosis is increased deposition of various ECM
proteins, such as the interstitial collagens type I and III, the
glycoprotein fibronectin, and the basement membrane compo-
nents collagen type IV and laminin (5, 6, 19). Therefore, we
compared the ECM content in mutant livers with that of WT
livers at the levels of protein deposition and gene expression.
Abundant type III collagen deposits detected as reticulin fibers
were found in the mutant livers (Fig. 1D), whereas sparse
reticulin fibers were present in the perisinusoidal spaces in WT
livers (Fig. 1C). The fibrosis is progressive because E12.5 mutant
livers contained slightly increased levels of reticulin fibers (Fig.
1F) compared with WT livers (Fig. 1E), but the collagen III
deposits in E12.5 mutant livers were not as prominent as in E14.5
mutant livers (compare Fig. 1 D and F). Also, deposition of the
other ECM proteins known to accumulate during hepatic fibro-
sis (like collagen type IV, laminin, and fibronectin) was in-
creased in the Lhx2�/� livers (Fig. 1 H, J, and L) as compared
with WT livers (Fig. 1 G, I, and K). Gene-expression analysis
using real-time PCR showed a 9-fold increase in expression
levels of collagen type I [collagen 1�(I)] and a 2.5-fold increase
in expression of prolyl-4-hydroxylase (which is a critical enzyme
for the posttranslational modifications causing increased stabil-
ity of the collagen triple helix) in mutant livers as compared with
WT livers (Fig. 1M). Thus, loss of Lhx2 expression leads to
increased expression and a progressive accumulation of the
ECM proteins associated with liver fibrosis, confirming an
ongoing fibrogenic process in Lhx2�/� fetal livers.

Increased Proportion of HSCs with an Activated Phenotype in Lhx2�/�

Fetal Liver. The HSC play a central role in the pathogenesis of
liver fibrosis. We have shown (14) that Lhx2 is expressed in HSCs
in the adult liver. Here, we show that Lhx2 is coexpressed with
the HSC-specific marker desmin (20) (Fig. 2 A–C), confirming
that Lhx2 is expressed in HSCs also in fetal liver. The proportion
of desmin-positive cells was increased dramatically in mutant
livers as compared with WT livers (Fig. 2 D–F), which is in
agreement with the increase in number of HSCs that occurs
during progressive hepatic fibrosis (1, 2). During the fibrogenic
process, the HSCs become activated and acquire a phenotype
resembling myofibroblast-like cells by expressing ASMA, in
addition to desmin (21, 22). Consistent with this data, many of
the desmin-positive cells also coexpressed ASMA in the mutant
livers (Fig. 2 J–L), whereas this pattern was rarely detected in
WT livers (Fig. 2 G–I), suggesting that at least a subpopulation

of the HSCs in mutant livers acquired the phenotype of activated
HSCs. Thus, the increased proportion of activated HSCs, to-
gether with the elevated deposition of ECM proteins in the
mutant liver, suggests that loss of Lhx2 expression in developing
HSCs initiates pathological events similar to those observed in
hepatic fibrosis.

Increased Expression of Genes Implicated in the Early Phase of HSC
Activation in Lhx2�/� Fetal Liver. HSC activation is accompanied by
changes in matrix protease activity, which leads to aberrant
remodeling of the hepatic ECM proteins, and up-regulation of
polypeptide growth-factor expression. Both of these alterations
stimulate HSC activation in a direct and indirect manner (1, 23).
Activated HSCs are a key source of matrix metalloproteinase
(MMP)-2 and MMP-3, both of which degrade normal perisinu-
soidal liver matrix (23). Accelerated degradation of basement
membrane components increases ECM protein synthesis and
deposition of interstitial collagens, which in turn further activates
HSCs in a positive feedback loop (1, 24). Activated HSCs can
also favor accumulation of interstitial collagens by up-regulating
tissue inhibitors of metalloproteinases (TIMPs) that inhibit the
activity of MMP-13, which is an interstitial collagenase (23).
Up-regulation of TIMPs may also lead to increased resistance to
apoptosis of HSCs (25), which might contribute to the accumu-
lation of HSCs in the fibrotic liver. To assess the matrix protease
activity and growth-factor expression of cells in Lhx2�/� and WT
livers, we compared the expression levels of various fibrosis-
associated MMPs, TIMPs, and growth factors by real-time
RT-PCR analysis (Fig. 3A). mRNA levels for TIMP1 and TIMP2
in the Lhx2�/� livers were up-regulated two and four times,
respectively. MMP-2 and MMP-3 were up-regulated 3- and
2-fold in the mutant liver, respectively, whereas expression level
of MMP-13 was unchanged, potentially contributing to the
accumulation of interstitial collagens. Furthermore, platelet-
derived growth factor, which is a potent mitogen for HSCs during
early stages of HSC activation, showed a 4-fold up-regulation in
mutant liver, whereas cytokines (such as transforming growth
factor type �1 and tumor necrosis factor �) suggested to be
involved in a later stage (the so-called perpetuation) of HSCs
activation (1, 26) were unchanged. These data show that Lhx2�/�

liver also develops many molecular changes that are typical for
the early stage of HSC activation and liver fibrosis (1, 2, 23).

Lhx2 Expression in a Human Stellate Cell Line Down-Regulates Acti-
vation-Specific Genes. The phenotype observed in the Lhx2�/�

fetal liver suggests that Lhx2 inhibits and�or suppresses activa-
tion of HSCs. To test this hypothesis, we transfected Lhx2 cDNA
into the human HSC line LX-2 (which is a cell line showing the
key features of HSCs; ref. 27) and measured the effect on
expression levels of two genes associated with activated HSCs
[ASMA and collagen 1�(I)]. These genes are reliable markers
for activated HSCs, and were also consistently and significantly
up-regulated in the Lhx2�/� livers as compared with WT livers
(see Fig. 1M, compare Fig. 2 H with K, and data not shown). Cells
transfected with Lhx2 revealed a 62% and 41% down-regulation
of expression of ASMA and collagen 1�(I), respectively, as
compared with cells transfected with empty vector (Fig. 3B).
Thus, Lhx2 expression in a human HSC line lead to down-
regulated expression of at least a subset of genes associated with
activated HSCs.

Distorted Cellular Organization of the Lhx2�/� Fetal Liver. The
three-dimensional structure of the liver is usually disrupted
during the progression of fibrosis and cirrhosis (1). Therefore,
the increased proportion of ECM proteins in Lhx2�/� livers
might also interfere with the organization of the fetal liver. To
address this issue, we analyzed the ECM protein production and
the cellular organization of the mutant liver at different embry-
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onic stages. We observed an increased deposition of collagen IV
in the mutant liver already at E11.5 (Fig. 4 A and B), with no
obvious difference in the morphology or distribution of endoder-
mal cells between mutant and WT livers (Fig. 4 C and D). In
contrast, sections of the livers derived from E14.5 embryos
revealed that the intrahepatic endoderm of the mutant livers was
severely disorganized as compared with WT livers (Fig. 4 E and
F) because the endodermal cells in mutant livers formed ductu-
lar structures that were not present in WT livers (Fig. 4G, see

also Fig. 2E). However, the defect was specific for the intrahe-
patic endoderm because no obvious difference in the organiza-
tion of the extrahepatic biliary epithelium was observed between
WT and mutant embryos (Fig. 4 J and K). Fibrous tissue was
easily discerned in mutant livers in the region of hilum (compare
Fig. 4 I and H), around large vessels (compare Fig. 4 M and L),
and throughout the liver as fibrous septa (Fig. 4G). A proper
organization of the sinusoidal system in the liver is important for
liver function (9). Although a normal sinusoidal network was

Fig. 1. Elevated deposition of ECM proteins and increased expression of ECM-associated genes in Lhx2�/� fetal livers. Fetal livers dissected from E14.5 WT (A)
and Lhx2�/� (B) embryos showing fibrous-like tissue on the liver surface and between the liver lobes in the mutant (arrows). Histological sections of E14.5 WT
(C, G, I, and K) and Lhx2�/� (D, H, J, and L) fetal livers, and of E12.5 WT (E) and Lhx2�/� (F) fetal livers. Sections treated with Gordon and Sweet’s method for silver
staining of reticulin fibers to visualize collagen type III fibers (arrows in C–F). Sections immunostained with anti-collagen IV (G and H, red), anti-laminin (I and
J, red) and anti-fibronectin (K and L, green) antibodies. (M) Real-time PCR analyses comparing relative gene expression levels of collagen 1�(I) (Collagen I) and
prolyl-4-hydroxylase (Prol-hydroxylase) in E14.5 WT (black bars) and Lhx2�/� (gray bars) livers. The data are presented as the mean value from one experiment
done in triplicate. Similar results were obtained from two additional experiments performed on two other independently prepared cDNAs (data not shown).
P � 0.0001 for collagen I, and P � 0.005 for prolhydroxylase. Error bars indicate standard deviation. (Scale bars indicate 1,000 �m in A and B, 30 �m in C–F, and
50 �m in G–L.)
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observed in the WT livers at this stage (Fig. 4N), endothelial cells
in the Lhx2 mutant livers were often clustered and separated
from the endodermal cells, and they often formed abundant
vessel-like structures with dilated lumen (Fig. 4O), indicating
an aberrant organization of the sinusoidal network. Thus, both
the intrahepatic endoderm as well as the endothelium in the
mutant liver displayed a distorted organization and the increase
in ECM protein deposition appeared to precede the aberrant
organization.

The Endodermal Cells in Lhx2�/� Fetal Livers Display an Altered Gene
Expression Pattern. The ductular structures formed by the
endodermal cells in the Lhx2�/� fetal liver resemble similar
structures that are observed frequently during the regeneration
process of cirrhotic livers, in livers displaying massive necrosis,
and in certain animal models for liver regeneration and liver
carcinogenesis (28–32). Reportedly, these ductular structures
contain cells expressing both hepatoblast�hepatocyte-specific
and bile-duct cell (cholangiocyte)-specific genes, and therefore,
may represent a cellular response to the injury�insult that is

mediated by a bipotent hepatic progenitor cell termed ‘‘oval
cell.’’ To compare the ductular structures in the mutant fetal
livers to those in regenerating adult livers, we analyzed the gene
expression profile of the hepatoblasts in the mutant livers. Early
hepatoblasts express AFP, albumin, and low levels of E-cadherin
(33, 34), whereas early cells committed to the biliary lineage
express high levels of E-cadherin (35) and bile-duct-specific
cytokeratins (34, 36). Analyses of mutant livers at E14.5 showed
that the hepatoblasts in the mutant liver expressed high levels of
all four genes (Fig. 5 B, D, F, and H). In contrast, few hepato-
blasts were labeled with the bile-duct-specific anti-cytokeratin
antibody in WT livers (Fig. 5G) and these cells expressed lower
levels of E-cadherin (Fig. 5C) while maintaining expression of
AFP and albumin (Fig. 5 A and E). The increased expression of
bile-duct-cell-specific cytokeratin in the mutant liver was ob-
served also at E13.5 but not before this stage (data not shown).
The ductular structures appear to be enriched in cells expressing
bile-duct-specific cytokeratin and high levels of E-cadherin in
addition to the hepatoblast�hepatocyte-specific genes AFP and
albumin. Thus, the endodermal cells in the mutant livers resem-
ble the ductular structures observed during the regeneration
process in a damaged adult liver also at the level of gene
expression pattern.

Fig. 2. Lhx2 is expressed in HSCs in fetal liver, and Lhx2�/� livers show
increased proportion of HSCs with an activated phenotype. Histological sec-
tions of WT (A–D and G–I) and Lhx2�/� (E and J–L) livers. Confocal microscopy
of an E13.5 WT liver section hybridized to an Lhx2 antisense probe (B, red) and
subsequently immunostained with an anti-desmin antibody (A, green) show
coexpression of desmin and Lhx2 in numerous cells indicated by yellow in the
merged image (C, arrows). (D and E) Sections of E14.5 WT and mutant livers
immunostained with anti-desmin (red) and anti-E-cadherin (green) antibodies
to visualize stellate cells and endodermal cells, respectively. (F) Comparison of
relative proportion of desmin-positive cells in WT and Lhx2�/� fetal livers.
Confocal microscopy of E15.5 WT and mutant liver sections immunostained
with an anti-desmin antibody (G, J, green) and an anti-ASMA antibody (H and
K, red) show mainly coexpression of these genes in cells of the mutant liver in
merged figures (I and L, yellow). (Scale bars indicate 30 �m in A–C and G–L, and
90 �m in D and E.)

Fig. 3. Analysis of the relative expression levels of genes associated with
activated HSCs. (A) Comparison between WT and mutant livers. Real-time PCR
analyses were carried out on cDNA derived from E14.5 WT (black bars) and
Lhx2�/� (gray bars) livers. The data are presented as the mean value from a
representative experiment done in triplicates. *, P � 0.0001; **, P � 0.001; and

***, P � 0.03. Two additional analyses on independent cDNA preparations
showed similar results. PDGF, platelet-derived growth factor; TGF�1, trans-
forming growth factor type �1; TNF�, tumor necrosis factor �. (B) Comparison
between the human HSC line LX-2 transfected with either Lhx2 cDNA (gray
bars) or vector control (black bars). The data are presented as mean value of
a representative experiment done in triplicates. P � 0.005 for human ASMA
(hASMA), and P � 0.01 for human collagen I (hCollagen I). Error bars indicate
standard deviation.
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Discussion
We have shown that loss of Lhx2 expression in HSCs during
embryonic development causes a progressive and spontaneous
hepatic fibrosis. The mutant livers contain an increased propor-
tion of mesenchymal cells expressing desmin, many of which also
coexpress ASMA and, thus, resemble the activated HSCs de-
scribed in the pathological process in hepatic fibrosis (11).
Lhx2�/� livers display an increased expression level and accu-
mulation of the ECM proteins implicated in adult liver fibrosis,
including collagen types I, III, and IV, as well as laminin and
fibronectin (10). Moreover, in agreement with previously re-
ported data, the genes contributing to HSC activation, aberrant
ECM remodeling, excessive ECM deposition, and collagen
stabilization (such as platelet-derived growth factor, MMP-2
(gelatinase A), MMP-3 (stromelysin-1), TIMP1, TIMP2, and
prolyl-4-hydroxylase) are up-regulated in the Lhx2�/� livers.
During the fibrogenic process in adult liver, an ECM rich in
interstitial collagens progressively replaces the normal perisinu-
soidal ECM. This shift in composition and amount of ECM

perturbs the cellular organization of the liver, and this process is
also observed in the developing liver of Lhx2�/� embryos.
Collectively, our data suggest that Lhx2 is an important negative
regulator of HSC activation and fibrogenesis, implying that loss
of Lhx2 expression in developing HSCs mimics the HSC acti-
vation process that is observed in adult fibrosis in both human
and animal models for hepatic fibrosis. The down-regulated
expression of genes associated with activated HSCs in the human
HSC line LX-2 after transfection of Lhx2 cDNA supports this
idea.

The duct-like appearance, together with the gene expression
pattern of the endodermal cells in mutant fetal livers, reveals
striking resemblance to the endodermal structures observed
during the regenerative response in a damaged adult liver.
Because these structures in adult liver are composed of cells
expressing hepatoblast�hepatocyte-specific as well as cholangio-
cyte-specific genes, they have been suggested to represent a
regenerative response mediated by oval cells (28–32). Animal
models for liver regeneration have shown that activated HSCs
are associated closely with these ductular structures (31) and
most likely play a role in the regenerative response in adult liver
(37). The dramatic increase in activated HSCs in the Lhx2�/�

livers suggests that these cells play a role in the formation and�or
maintenance of similar structures that are also in fetal liver.
Similar to oval cells, early hepatoblasts in fetal liver are bipotent

Fig. 4. Increased deposition of ECM proteins precedes a disrupted organi-
zation of the Lhx2�/� liver. Transversal sections of E11.5 WT (A and C) and
mutant (B and D) livers were immunostained with an anti-E-cadherin antibody
(green) to reveal hepatoblasts and an anti-collagen IV antibody (red) (A and
B), or they were immunostained with the hepatoblast/hepatocyte-specific
anti-albumin antibody (brown) and subsequently counterstained with hema-
toxylin–eosin (C and D). Transversal sections of E14.5 WT (E, H, J, L, and N) and
mutant (F, G, I, K, M, and O) livers. Sections were immunostained with the
hepatoblast�hepatocyte-specific anti-albumin antibody (brown) and subse-
quently counterstained with hematoxylin–eosin (E–I, L, and M), or stained
with extrahepatic bile-duct-specific D. biflorus agglutinin (J and K, dark
brown), or immunostained with the vascular endothelial-specific anti-PECAM
antibody (red) and the hepatoblast-specific anti-AFP antibody (green) (N and
O). Albumin-positive endodermal cells are distributed evenly throughout the
liver lobes in the WT liver (E, H, and L), whereas the endodermal cells in mutant
livers are unevenly distributed (F and I) and form ductular structures (G, arrow
heads). Fibrous tissue is present in the hilum region of the Lhx2�/� liver (I,
arrows), around blood vessels (M), and as fibrous septa throughout the liver
(G, arrow). The extrahepatic biliary epithelium appears to be normal in
mutant (K, arrow) embryos as compared with WT (J, arrow) embryos. A normal
sinusoidal network is formed in the WT liver (N), whereas vessel-like structures
with dilated lumen (arrows) are seen in the mutant liver (O). dv, ductus
venosus. (Scale bars indicate 30 �m in A, B, G, and L–O; 100 �m in C, D, H, and
I; and 500 �m in E, F, J, and K.)

Fig. 5. The endodermal cells forming ductular structures in mutant livers are
enriched in cells expressing both hepatoblast/hepatocyte-specific and cholan-
giocyte-specific genes. Consecutive transversal sections of an E14.5 WT (A, C,
E, and G) and a mutant (B, D, F, and H) liver immunostained with an anti-
albumin antibody (A and B, red), an anti-E-cadherin antibody (C and D, green),
an anti-AFP antibody (E and F, red), or an anti-bile-duct-cell-specific cytoker-
atin antibody (G and H, red). Clusters of endodermal cells in the Lhx2�/� liver
strongly express all four markers (B, D, F, and H), whereas the endodermal cells
in the WT liver express lower levels of E-cadherin (C) and few WT endodermal
cells express the bile-duct-cell-specific cytokeratin (G). (Scale bars indicate 100
�m in the main images and 30 �m in Insets.)
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and can generate both hepatocytes and cholangiocytes (38, 39).
Therefore, the lack of Lhx2 in HSCs appears to provide signals
to the early hepatoblasts in fetal liver that promote a regener-
ative response similar to that in adult liver. Although the role of
Lhx2 in HSCs during the regenerative response in adult liver
remains to be elucidated, our data imply that Lhx2 expression in
developing HSCs is important for proper liver morphogenesis
during embryonic development. Moreover, the Lhx2�/� pheno-
type could, in principle, be considered as a congenital syndrome.
However, the fibrogenic process, together with the organization
of the endoderm, is more comparable with the wound-healing
response in adult liver. This observation does not exclude that a
certain subgroup(s) of congenital hepatic fibrosis might be
caused by mutations in Lhx2 or an Lhx2-associated pathway(s),
because congenital hepatic fibrosis is a group of genetically
distinct disorders (3).

Elucidation of the molecular mechanisms mediating the ac-
tivation of HSCs is important for understanding the fibrogenic
process. However, most studies have focused on genes that are
up-regulated upon HSC activation (40–43). Our finding might
represent a paradigm shift in the search for genes mediating
activation of HSCs, because it implies that down-regulation of
Lhx2 in HSCs leads to activation. We have previously shown that

Lhx2 is expressed in HSCs in adult mice (14), suggesting that
inactivation of Lhx2 in adult liver results in a similar phenotype.
Although a putative function of Lhx2 in human HSCs remains
to be elucidated, the down-regulation of fibrosis-associated
genes in a human HSC line transfected with Lhx2 cDNA suggests
that Lhx2 negatively regulates the fibrogenic process also in
humans. Elucidation of the molecular mechanisms by which lack
of Lhx2 expression activates HSCs and, thus, promotes fibro-
genesis could provide insights and clues to treatment and
prevention of hepatic fibrosis. In conclusion, the lack of Lhx2 in
developing HSCs provokes a series of pathological events shar-
ing many characteristics with the wound-healing response in
adult liver. Thus, the Lhx2�/� mouse embryos could provide a
reproducible model system to study the early pathological events
leading to hepatic fibrosis.
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