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cells, indicative of the bilineage differentiation in vitro
(Fig. 5]J). Most importantly, the colony-forming rate for
both large and smaller colonies was significantly in-
creased in the FGF7 Tg mice. Thus, overexpression of
FGF7 in vivo in the mouse liver leads to expansion of
LPCs that are characterized by LPC marker expressions
as well as clonogenicity and bipotency in vitro. Taken
together, we conclude that FGF7 alone is sufficient to gen-
erate a population of cells that are phenotypically and
functionally indistinguishable from LPCs.

Overexpression of FGF7 reverses both the hepatocyte
damage and cholestatic liver injury

Given the potent activity of FGF7 in promoting the LPC
response, we reasoned that application of this molecule
should exert some protective effect on the liver against
toxic insults. To test this possibility, the Tg mouse sys-
tem was used to start ectopic FGF7 expression by Dox
administration 1 wk after the onset of the course of DDC-
induced chronic liver injury {Fig. 6A). Under this condi-
tion, increases in the level of the cholestatic markers
TBIL and ALP were greatly reduced in FGF7 Tg mice
compared with the control mice, with the severity of
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symptoms of jaundice being apparently reduced, which
means that bile duct obstruction was alleviated (Fig.
6B,C). At the same time, the levels of AST and ALT were
also significantly improved in FGF7 Tg mice, indicating
less hepatocyte injury by overexpression of FGE7 (Fig. 6C).
To further substantiate the notion that FGF7 does not
simply prevent the damage but rather reverses and im-
proves the symptoms of well-established chronic liver
failure, we performed similar experiments by starting
Dox administration to induce FGF7 expression in the
liver 3 wk after the onset of the DDC administration
{Supplemental Fig. S10A,B). Again, serum biochemical
analyses showed decreased levels of both hepatocyte
injury and cholestasis markers, although the difference
was not statistically significant with regard to ALP (Sup-
plemental Fig. S10C). These data suggest that the severity
of the damage on both hepatocytes and BECs can be
relieved by an excess of FGF7 through the activation of
LPCs that are bipotential and hence capable of contrib-
uting to the recovery of both lineages.

Histochemical examination revealed that deposition of
brown pigment plugs derived from porphyrin crystals,
a hallmark of the DDC-injured liver, was decreased in
the Tg liver (Fig. 6D). Single-cell necrosis was reduced in

Figure 6. Application of FGF7 improves both the
hepatocyte damage and cholestatic liver injury. (A)
Schematic representation of the experiment. Eight-
week-old FGF7 Tg and control mice were subjected
to the DDC-induced liver injury model or left un-
treated, and 1 wk later, Dox administration was
started for FGF7 induction. After 3 wk of treatment,
serum and liver samples were harvested for sub-
sequent analyses. (B} Serum TBIL, ALP, AST, and
ALT levels were measured in control and FGF7 Tg
mice fed a normal (control, n = 3; Tg, n = 3) or DDC-
containing (control, n=9; Tg, n = 7) diet. Mean = SE.
(***} P <0.001; [*) P < 0.05; (NS) not significant. (C)
Typical skin color (right foot) of the DDC-treated
animals at the end of the protocol, indicating that
FGF7 Tg mice suffered less from jaundice than
control mice. (D) Hematoxylin and eosin staining
of livers from DDC-treated animals at the end of the
protocol. Bars, 200 pm. {PV} Portal vein. (E) Immuno-
staining of CK19 (red) and A6 (green) in the livers
of FGF7 Tg mice and control mice at the end of the
protocol. Note that A6* CK19™ newly formed hepa-
tocytes were increased in the livers of FGF7 Tg mice.
Bars, 100 pm. (PV} Portal vein.
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some of the Tg mice compared with the control (data not
shown). In the case of the mice fed DDC for 6 wk, some
morphological changes associated with the reacting duct-
ules were observed in the Tg mice, including thickened
epithelial layers and more dilated luminal structures
{Supplemental Fig. S10D,E). Most remarkably, immuno-
staining analyses revealed that A6* CK19~ newly
formed hepatocytes were dramatically increased around
the expanding A6* CK19* LPCs (Figs. 6E; Supplemental
Fig. S10E). This strongly suggests that overexpression of
FGF7 contributes to parenchymal regeneration by accel-
erating differentiation and production of hepatocytes
from LPCs in the DDC-induced liver injury model. In
conclusion, our results indicate that FGF7 secreted by
Thyl* cells mediates the activation of adult LPCs as a
niche signal and promotes progenitor cell-dependent liver
regeneration (Fig. 7).

Discussion

In this study, we demonstrate that FGF7 plays a critical
role in inducing LPCs and that the LPC response contrib-
utes to survival in severe liver injury. From the stand-
point of adult tissue stem/progenitor cells, this study has
substantiated the concept of the niche for LPCs in the
regenerating liver by molecular characterization.

In general, tissue stem/progenitor cells are supported
and regulated by their surrounding microenvironment or
the stem cell niche. While several secreted molecules
that participate in the LPC response have been reported
(Erker and Grompe 2007), their possible involvement as
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Figure 7. A model for regulatory mechanism of the LPC
response by FGF7. In injured livers, Thyl* mesenchymal cells
expand in the periportal area and produce FGF7. FGF7 contrib-
utes to liver regeneration by initiating the activation and pro-
liferation of LPCs as the functional niche signal.
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niche signals has not been explored. This study provides
compelling evidence that Thyl™ periportal cells form the
niche for LPCs by residing in close proximity to LPCs and
producing a key regulatory factor, FGF7. Since FGF7-
producing Thyl™ cells express markers for portal fibro-
blasts, hepatic stellate cells, and myofibroblast, we con-
sider that Thyl™* cells are a heterogeneous population of
mesenchymal cells. Our data are consistent with a pre-
vious report that hepatic stellate cells express FGF7 in
chronic liver disease (Steiling et al. 2004}. Although fur-
ther characterization of the Thyl* cells is needed to give
a clear definition of the LPC niche, we hereby propose
that the stem cell niche is present in the adult liver under
the regenerating conditions. It has been reported that
Thyl* cells are also observed in the livers of patients with
fulminant liver failure accompanying the LPC response
(Dezso et al. 2007). In addition, high expression of FGF7 in
patients with chronic liver diseases (Steiling et al. 2004,
Otte et al. 2007) and in experimental rat models of hepatic
fibrosis {Murakami et al. 2011} were previously reported.
Thus, we predict that LPCs are regulated through the same
mechanism in humans as in rodents.

The LPC response is a complicated physiological re-
sponse to liver injuries involving several kinds of cells,
such as hepatocytes, BECs, immune cells, hepatic stellate
cells, and portal fibroblasts. We demonstrated that FGF7
is both necessary and sufficient for its induction. To our
knowledge, this is the first study to prove that FGF sig-
naling is involved in LPC regulation. Upstream and
downstream signaling events of FGF7 need to be explored
to further elucidate the regulatory mechanism of LPCs.
Previous studies have identified TNF (tumor necrosis
factor)-like weak inducer of apoptosis (Tweak) as a mito-
gen for LPCs (Jakubowski et al. 2005; Tirnitz-Parker et al.
2010). Tweak is a member of the TNF family and binds to
the FGF-inducible 14-kDa protein (Fnl4) receptor (Meighan-
Mantha et al. 1999). Although the LPC response in Fni4
knockout mice was attenuated after 2 wk of CDE treat-
ment, it was restored later and eventually resulted in a
level equivalent to that in wild-type mice (Tirnitz-Parker
et al. 2010). In contrast, we showed in this study that LPC
activation was not sufficiently induced in Fgf7 knockout
mice even after long-term liver injury. Thus, the role of
FGF7 signal may be more direct and indispensable in LPC
induction, while that of the Tweak/Fn14 pathway may be
rather enhancing and not necessarily required. Recently,
hepatocyte growth factor (HGF)/c-Met signaling has been
reported to play a necessary role in LPC-mediated liver
regeneration in the mouse DDC diet model (Ishikawa et al.
2012}, although it remains unexplored whether it can also
be sufficient to induce the LPC response, as is the case
with FGF7. The relationship between FGF7 and these
signaling pathways is an important issue to be addressed.
In addition, recent studies have suggested that the cellu-
lar and molecular mechanisms underlying the injury/
regeneration processes in the DDC injury are apparently
different from the CDE regimen, another well-appreci-
ated model to study LPCs (Boulter et al. 2012; Espafiol-
Sufier et al. 2012). It should be determined whether and
how FGF7 is involved in the latter case.
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We showed that forced expression of EGF7 in hepato-
cytes induces the LPC response in the normal liver. In-
triguingly, induced LPC-like cells were observed only in
the periportal area despite global expression of FGF7
within the liver. As the LPC response upon liver injury
also takes place in the periportal region, FGF7-induced
LPC-like cells may be derived from the genuine origin
and undergo the normal ontogeny of LPCs. The origin of
LPCs is still under debate. The canals of Hering that
connect bile ducts to hepatocytes have long been consid-
ered a promising candidate (Paku et al. 2001); however,
direct proof of this idea has been hampered by the lack
of a specific molecular marker for these cells. BECs are
phenotypically quite similar to LPCs and can thus be
a likely candidate (Alison et al. 1996; QOkabe et al. 2009).
Indeed, recent studies using a genetic lineage tracing sys-
tem based on Sox9-CreERT2 mouse lines have suggested
this possibility {Dorrell et al. 2011; Furuyama et al. 2011),
although the nature of the Sox9-expressing cells should
be further evaluated and rigorously determined with con-
siderable caution {Carpentier et al. 2011). At the same
time, hepatocytes have also been considered as possible
LPC precursors, as they can be converted to BEC- or LPC-
like cells under certain circumstances (Michalopoulos
et al. 2005; Nishikawa et al. 2005; Zong et al. 2009). With
regard to this notion, it should be noted that while
FGFR2b is highly expressed in LPCs, it is also weakly
but certainly expressed in the hepatocyte fraction. Con-
sidering the heterogeneity of hepatocytes, it is worth-
while to explore the nature of LPC precursors based on the
expression pattern of FGFR2b. It is also possible that the
local environmental cues, such as ECMs, in the periportal
region participate in dictating the competence of LPC
precursors for activation by FGF7, leading to a spatially
stereotyped induction pattern of the LPC response.

While it has long been documented that LPCs appear
and proliferate in injured and cancerous livers, whether
LPCs participate in regeneration has not been clear to
date. Our data, based on loss-of-function and gain-of-
function experiments with FGF7, demonstrate that the
level of LPC activation correlates with resilience and
survival in cases of severe liver injury and suggest that
LPCs practically contribute to liver regeneration. It is
formally not excluded that FGF7 may act directly on dam-
aged hepatocytes and/or BECs to cause some protective
effects, and further analyses will be required to discrim-
inate these possibilities. In either case, FGF7 can be
regarded as a highly effective molecule to reverse liver
damage. It has been reported that application of recombi-
nant FGF7 protein in mice results in enhanced expression
of detoxifying enzymes in the liver, while mice lacking
both FGFR1 and FGFR2 in hepatocytes show increased
mortality after PHx with impaired expression of those
enzymes (Bohm et al. 2010). PHx has generally been
regarded as the model for liver regeneration achieved by
compensatory proliferation of hepatocytes rather than by
LPCs, but several recent studies have implicated a possi-
ble involvement of the latter as well (Furuyama et al.
2011; Iverson et al. 2011; Malato et al. 2011). Although
the study by B6hm et al. (2010) did not mean to address
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the role of endogenous FGF7, it would be worth exploring
whether the potential beneficial effect of FGF7 observed
therein is attributable to ectopic activation of LPCs. An
N-terminally truncated form of FGF7, palifermin, has
already been approved for the treatment of chemoradia-
tion-induced oral mucositis (Beaven and Shea 2007). In
spite of the ability of this drug to improve wound healing
responses, its potential for therapeutic application to hu-
man liver diseases has not been tested. Our present study
provides evidence that FGF7 or its derivatives may have
clinical implications for patients with hepatic dysfunc-
tion as well.

Materials and methods

Animals

Fgf7 knockout mice {Guo et al. 1996) were obtained from The
Jackson Laboratory. All of the experiments in this study were
performed on littermates derived from the mating of heterozy-
gotes. In order to generate liver-specific TukI-deficient mice
{Tak1-LKO mice), mice carrying floxed alleles of the Tak1 gene
(Tak170%/f10%) (3410 et al. 2005), maintained by and obtained from
JCRB (Japanese Collection of Research Bioresources Cell Bank)
Laboratory Animal Resource Bank, NIBIO (National Institute of
Biomedical Innovation, Osaka), were crossed with Alfp-Cre Tg
mice (kindly provided by Dr. Klaus Kaestner, University of
Pennsylvania) (Zhang et al. 2005). For the FGF7 Tg mouse line
in which human FGF7 is overexpressed in the liver upon treat-
ment with Dox, the Alfp-Cre Tg mice, ROSA26-rtTA-IRES-
EGEFP knock-in mice (obtained from The Jackson Laboratory)
(Belteki et al. 2005), and tetO-CMV-FGF7 Tg mice (kindly pro-
vided by Dr. Jeffrey A. Whitsett, Cincinnati Children’s Hospital
Medical Center) (Tichelaar et al. 2000) were crossed to prepare
Alfp-Cre; rtTA/+; FGF7 triple Tg mice. Littermates lacking the
FGF7 transgene (Alfp-Cre; rtTA/+) were used as a control. Dox
was administrated in drinking water (2 g/L) supplemented with
1% sucrose. For lineage tracing experiments, the Alfp-Cre Tg
mice were crossed with the R26R-EYFP reporter strain (Srinivas
et al. 2001). Wild-type C57BL/6] mice were purchased from
CLEA Japan, Inc. All animals were maintained under standard
SPF conditions. The experiments were performed according to
the guideline set by the institutional animal care and use com-
mittee of the University of Tokyo. Mouse LPCs were activated
by feeding with a 0.1% DDC-containing diet (F-4643, Bio-serv) or
common BDL using a standard technique.

Antibodies

For immunohistochemistry, rat monoclonal antibodies against
mouse EpCAM (used at a dilution of 1:200; 552370) and Thyl
(1:200; 553011} were purchased from BD Bioscience. The goat
anti-mouse albumin (1:100; A90-234A, Bethyl Laboratories),
rabbit anti-Desmin {1:400; ab8592, Abcam), rabbit anti-rat Elastin
(1:100; CL55041 AP, Cedarlane), rabbit anti-GFP (1:50; G10362,
Life Technologies), rabbit anti-human Ki67 {1:200; NCL-Ki67p,
Leica), and rabbit anti-Sox9 (1:1000; AB5535, Millipore| anti-
bodies were also commercially obtained and used. A mixture of
rabbit anti-collagen type I {1:100; 2150-1410, AbD serotec) and
rabbit anti-collagen type ITI (1:300; ab7778, Abcam) was used to
detect collagen fibers. The rat anti-mouse CK19 (TROMA-III)
was obtained from the Developmental Studies Hybridoma Bank
and used at 250 ng/mL. The rabbit anti-mouse CK19 antibody
(1:1000-1:2000) was raised as previously described (Tanimizu
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et al. 2003). The rabbit anti-FGF7 (1:100) and anti-FGFR2b (1:200)
antibodies were as described (Yamamoto-Fukuda et al. 2003). The
A6 antibody (1:10-1:20) was a generous gift from Dr. Valentina
Factor (National Institutes of Health). For flow cytometry, the rat
anti-EpCAM monoclonal antibody (1:500) was raised as described
previously (Okabe et al. 2009). The rat anti-mouse CD45 APC
antibody (1:100; 30-F11) was purchased from BD Bioscience. The
anti-Thyl antibody was the same as described above.

Histological analysis

Frozen sections {8 wm) from the liver were placed on APS-
coated glass slides [Matsunami Glass) using a HM505E cryostat
(Microm International). After blocking in 5% skim milk/PBS,
the samples were incubated with primary antibodies and then
with fluorescence-conjugated secondary antibodies. Nuclei
were counterstained with Hoechst 33342 (Sigma). Liver sec-
tions were imaged with fluorescence microscopes (Axioskop
2 plus and Axio Observer.Z1, Zeiss) or a confocal microscope
(Fluoview FV1000, Olympus). For the quantification of positive
areas, immunostained liver sections were imaged and quantified
using an In Cell Analyzer 2000 (GE Healthcare). TUNEL assay
was performed using the In Situ Apoptosis Detection kit (MK500,
TaKaRa) according to the manufacturer’s instructions. Gross
pathological and histopathological examinations of Fgf7 knockout
and control mice were performed by BOZO Research Center, Inc.

Section in situ hybridization analysis

Paraffin sections were prepared from liver specimens, and a
digoxigenin-labeled antisense RNA probe for mouse Fgfr2 was
used for in situ hybridization by the method of Genostaff, Inc.
The probe sequence is shown in Supplemental Table S2, and the
hybridization conditions are available on request. After images
for in situ hybridization staining were obtained, the sections
were further processed for immunohistochemical staining with
the anti-CK19 antibody. The same fields of view as in in situ
hybridization were chosen and photographed.

Cell preparation and flow cytometry

A single-cell suspension from the liver was obtained by a two-step
collagenase perfusion method as described previously [Okabe
et al. 2009). In short, liver specimens were perfused with basic
perfusion solution containing 0.5 g/L collagenase type IV (Sigma).
The undigested clot was redigested with basic perfusion solution
containing 0.5 g/L collagenase type IV, 0.5 g/L pronase (Roche),
and 50 mg/L DNasel (Sigma}. This digested liver was passed
through a 70-pm cell strainer. After centrifugation at 700 rpm for
2 min, the pellet was used for separation of hepatocytes by Percoll
density centrifugation. The supernatant was transferred to a new
tube and centrifuged repeatedly until no pellet was visible. The
final supernatant was centrifuged at 1200 rpm for 5 min, and the
precipitated cells were used as NPCs for flow cytometry. Aliquots
of cells were blocked with anti-FcR antibody, costained with
fluorescence- and/or biotin-conjugated antibodies, and then in-
cubated with PE-conjugated streptavidin (BD Biosciences) if
needed. The samples were analyzed by FACSCalibur (Becton
Dickinson) or sorted by Moflo XDP (Beckman-Coulter). Dead
cells were excluded by propidium iodide staining.

Quantitative RT-PCR

Total RNA was isolated from whole-liver samples or sorted cell
populations using Trizol reagent (Invitrogen) and treated with
DNasel (Invitrogen). Total RNA and random hexamer primers

FGEF?7 regulates liver progenitor cells

were used for cDNA synthesis with SuperScript II {Invitrogen)
or High-Capacity ¢cDNA Reverse Transcription kit (Applied
Biosystems). Quantitative RT-PCR analyses were performed
using LightCycler {Roche} with SYBR Premix Ex Taq (Takara).
Gapdh was used as an internal control. Primer sequences are
listed in Supplemental Table S1.

Cell culture and proliferation assay

The hepatic progenitor cell line HSCE1 was established and
characterized as described previously (Okabe et al. 2009). HSCE1
cells were maintained in type I collagen-coated dishes using
a medium supplemented with fetal bovine serum and 10 ng/mL
each recombinant human EGF and HGFE. The proliferative re-
sponse of HSCE1 cells was examined in the absence of the serum
by a colorimetric assay using WST-1 cell proliferation reagent
(Roche) according to the manufacturer’s directions. The absor-
bance value (OD450-OD650) was measured using an Emax mi-
croplate reader (Molecular Devices).

In vitro colony formation assay

EpCAM" cells were sorted as described previously (Okabe et al.
2009) and plated at 5 x 10% cells per 35-mm dish. The cells were
cultured for 9 d, and then the number and size of colonies were
counted.

Human FGF7 immunoassay

Human FGF7 concentration in serum was quantitatively de-
termined in duplicate by FGF7-specific enzyme-linked immu-
nosorbent assay {ELISA; R&D systems, Inc.)] according to the
manufacturer’s instructions. In brief, FGF7 standards and sam-
ples were placed in the provided monoclonal antibody-coated
microplates. After the reaction, an enzyme-linked polyclonal
antibody specific for FGF7 was added and incubated for 2 h at
room temperature. The unbound components were washed off at
each step, whereas bound FGF7 was determined by ELISA reader
(Immunomini NJ2300, Cosmo Bio Co., Ltd.). Statistical analysis
in Figure 3H was carried out using a Kruskal-Wallis test and a
Mann-Whitney test in SPSS Statistics 17.0 software. The study
protocol conformed to the ethical guidelines of the 1975 Decla-
ration of Helsinki and was approved by the ethics committees of
Iwate Medical University and The University of Tokyo. In-
formed consent was obtained from all patients.

Statistical analysis

Data were analyzed and statistics were performed using unpaired
two-tailed Student’s t-test unless otherwise indicated. Compar-
isons of gene expression in multiple liver cell fractions (Fig. 2D;
Supplemental Figs. S4A, S5, S6) were done using one-way anal-
ysis of variance [ANOVA] with subsequent Tukey tests. P < 0.05
was considered statistically significant.
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Nephronectin (Npnt) is an extracellular matrix protein known to play a critical role in kidney develop-
ment; however, its physiological role in the liver remains elusive. Here we show that Npnt expression
is upregulated in mouse models of both acute and chronic hepatitis induced by Concanavalin A (Con
A) and 3,5-diethocarbonyl-1,4-dihydrocollidine (DDC), respectively. In both models, Npnt was localized
in inflammatory foci and was mainly secreted from mesenchymal cells and in part by cholangiocytes.
Interestingly, ectopic expression of Npnt in hepatocytes induced the development of granuloma-like cell
clusters mainly composed of CD4" T cells or NKT cells but did not induce apparent hepatitis. Furthermore,
we found that Npnt exacerbated the Con A-induced acute hepatitis. These results indicate that Npnt plays
an important role in the initiation of hepatitis by recruiting CD4" T cells or NKT cells into the foci of
inflammation. In addition, we reveal that Npnt expression is also upregulated in human hepatitis. There-
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fore, Npnt may be a potential therapeutic target for acute and chronic hepatitis.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Previously we performed a microarray analysis of cholangio-
cytes derived from a normal liver and 3,5-diethoxycarbonyl-1,4-
dihydro-collidine (DDC)-induced chronic hepatitis liver [1]. We
found that the expression of about 50 genes was significantly
upregulated in chronic hepatitis liver. Most genes were related to
fibrosis, epithelial-mesenchymal transition, hepatic stem/progeni-
tor cell response. Among these genes, Nephronectin (Npnt) was ex-

Abbreviations: Npnt, nephronectin; OPN, osteopontin; Con A, concanavalin A;
DDC, 3,5-diethoxycarbonyl-1,4-dihydro-collidine; NKT, natural killer T cells; BD,
bile duct; PV, portal vein; CV, central vein; ECM, extracellular matrix; HTVi,
hydrodynamic tail vein injection; PC, parenchymal cell; CK19, cytokeratin 19; Thy1,
thymocyte differentiation antigen 1; EpCAM, epithelial cell adhesion molecule; AST,
aspartate amino transferase; ALT, alanine transaminase; RGD, arginine-glycine—
aspartate; SCID, severe combined immunodeficiency.
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pressed 5-fold higher in DDC-induced chronic hepatitis liver than
in normal liver.

Npnt is an extracellular matirix (ECM) protein, containing an
Arg-Gly-Asp (RGD) motif. ECMs are mesh structures composed of
proteins and carbohydrates, filling intercellular spaces. The inter-
action of ECM with cell surface integrins plays crucial roles in
development, immunity, inflammation, and homeostasis by regu-
lating cell adhesion, migration, growth, differentiation, and apop-
tosis [2-4]. The binding of integrin to ECM depends on an RGD
motif in ECM proteins [5,6]. The RGD motif is the cell recognition
site involved in various ECMs and platelet adhesion proteins, such
as fibronectin, vitronectin, osteopontin (OPN), and Npnt [7-10].
Among them, OPN is known to exacerbate hepatitis [11-13].

Although Npnt has been known to play an important role in kid-
ney development [14,15], its functions in the liver remain un-
known. Considering that both Npnt and OPN contain an RGD
motif and that OPN is a key modulator in hepatitis, it is anticipated
that Npnt may also play some roles in liver inflammation. Here we
elucidate the roles of Npnt in hepatitis.

2. Materials and methods

See Supplementary materials and methods for more details.
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2.1. Animals

Specific pathogen-free male C57BL/6] mice and FOX CHASE
SCID mice were purchased from Nihon CLEA (Tokyo, Japan). All
experimental procedures in this study were approved by the Insti-
tutional Animal Care and Use Committee of the University of Tokyo
(approval number is 24003).

2.2. Con A-induced acute hepatitis and DDC-induced chronic hepatitis

Concanavalin A (Con A) was purchased from Sigma-Aldrich (St.
Louis, MO) and was injected intravenously into mice through the
tail vein. The dose of Con A was 20 mg/kg or 15 mg/kg. A diet con-
taining 0.1% 3,5-diethoxycarbonyl-1,4-dihydro-collidine (DDC)
was purchased from Nihon CLEA (Tokyo, Japan).

2.3. Overexpression by hydrodynamic tail vein injection (HTVi)
method

Mouse Npnt cDNA was amplified by PCR (primers (5 - 3'):
GCTAGCGCAGCTGGCTTTCTTCGAGGC and CTCGAGGCTCAAGCCA-
GAGCCAATGGC) and was inserted into the Nhel and Xhol sites of
a pLIVE vector (Mirus, Madison, WI). pLIVE-Npnt (50 pg) was di-
luted with TransIT-EE Hydrodynamic Delivery Solution (Mirus,
Madison, WI) and injected into the tail vein of 7-week-old male
C57BL/6 mice. pLIVE-SEAP (secreted alkaline phosphatase)
(50 pg) was used as a control. One week after injection, mice were
sacrificed for histological analysis.
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2.4. Statistical analysis

Student’s t-tests with equal variance and two-tailed distribu-
tion were used to determine the significance of differences be-
tween two groups (Excel statistical analysis software, Microsoft
Japan, Tokyo, Japan). A P-value of 0.05 or lower was considered sig-
nificant. Results where indicated are expressed as mean + standard
error.

3. Results
3.1. Expression of Npnt in mice hepatitis models

To investigate the correlation of Npnt expression with hepatitis,
we examined Npnt mRNA levels in both the acute hepatitis model
induced by Con A administration and the chronic hepatitis model
induced by DDC diet (Fig. 1A and B) [16,17]. Npnt expression
was rapidly induced at 12 h and decreased gradually thereafter
in Con A-induced acute hepatitis. While, in chronic hepatitis, Npnt
expression levels increased 2 weeks after feeding of DDC diet.
These results suggested that Npnt expression correlated with the
severity of hepatitis. Immunohistochemistry (IHC) also revealed
that Npnt was strongly expressed in areas around portal veins, bile
ducts, and central veins in Con A-induced acute hepatitis livers,
while it was weakly expressed in areas around portal veins and
central veins in normal livers (Fig. 1C-F). Strong expression of Npnt
was also observed in the livers of DDC-induced chronic hepatitis in
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Fig. 1. Npnt expression in normal, acute and chronic hepatitis livers and identification of liver cells expressing Npnt. (A, B) Expression of mouse liver Npnt mRNA was
analyzed in Con A-induced acute liver injury (A) and DDC-induced chronic liver injury (B). Con A (20 mg/kg) was injected into mice intravenously. The fold increase of Npnt
mRNA in injured livers relative to normal livers is shown. Beta-actin mRNA was used as an internal control. n = 5 per group. *p < 0.05. (C-H) IHC of Npnt in a normal liver (C,
D), acute hepatitis liver 12 h after intravenous injection of Con A (20 mg/kg) (E, F), and chronic hepatitis liver 2 weeks after feeding of the DDC diet (G, H). Liver sections were
immunostained with anti-Npnt antibody (green). Nuclei were counterstained with Hoechst (blue). Original magnification, 200x. PV: portal vein, BD: bile duct, CV: central
vein (1-K) Analyses of Npnt mRNA expression in various types of cells from a normal liver (1), acute hepatitis liver 12 h after Con A (20 mg/kg) injection (J), and chronic
hepatitis liver 2 weeks after feeding of the DDC diet (K). Each type of cell was isolated from livers based on the expression of EpCAM, Thy1, and CD45 by a cell sorter.
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areas similar to acute hepatitis, especially around portal veins and
bile ducts (Fig. 1G and H).

Inflammatory liver diseases are known to be accompanied by an
increase in the number of neutrophils, NKT cells, and T cells
[18,19]. Histological examinations consistently showed the infil-
tration of blood cells into periportal and pericentral areas in Con
A-induced acute hepatitis livers, whereas a few blood cells were
detected in normal livers (Supplementary Fig. 1A and B). Livers
in DDC-induced chronic hepatitis exhibited a marked infiltration
of blood cells into the periportal area (Supplementary Fig. 1C).
These results raise the possibility of a close relationship between
the infiltration of blood cells and expression of Npnt in both acute
and chronic hepatitis.

3.2. Identification of Npnt-producing cells

In order to identify Npnt-producing cells, we isolated intrahe-
patic cell components from normal, acute and chronic hepatitis li-
ver, respectively. We sorted 5 cell populations; EpCAM*, EpCAM™
Thy1* CD45%, EpCAM™ Thy1* CD45~, EpCAM™ Thy1~ CD45", and
parenchymal cells (PC), which correspond to cholangiocytes, T
Iymphocytes, mesenchymal cells (fibroblast and/or myofibroblast),
hematopoietic cells except for T lymphocytes, and hepatocytes,
respectively. Npnt was expressed only in mesenchymal cells in
normal liver (Fig. 1I) and increased in Con A-induced hepatitis
(Fig. 1J). Immunostaining revealed that Thy1® mesenchymal cells
around portal and central veins were more abundant in Con A-in-
duced hepatitis liver compared to normal liver (Supplementary

Fig. 2A and B). In the DDC-fed liver, Npnt was mainly expressed
in mesenchymal cells and cholangiocytes (Fig. 1K) and the number
of cholangiocytes and mesenchymal cells increased markedly com-
pared to that in normal liver (Supplementary Fig. 2A and C).

3.3. Overexpression of Npnt in liver induces granuloma-like cell
clusters

To reveal the physiological role of Npnt in the liver, we ectopi-
cally expressed Npnt in livers using the hydrodynamic tail vein
injection (HTVi) method. This is a simple method to achieve hepa-
tocyte-specific gene expression by injecting expression vectors
with a large amount of buffer, into the mice tail vein and is suitable
for assessment of in vivo function of secreted proteins [20,21]. His-
tological examination showed that granuloma-like cell clusters
developed in livers expressing Npnt (Fig. 2A and B), whereas such
clusters were not found in livers that received the control plasmid
vector (Fig. 2C). Granuloma-like cell clusters (White arrow) are
formed around Npnt positive area (Fig. 2E and F), suggesting that
Npnt plays an important role in the recruitment of immune cells.

It should be noted that upregulation of Npnt expression and
infiltration of blood cells were observed in the two hepatitis mod-
els (Supplementary Fig. 1). In general, granulomas are mainly com-
prised of macrophages, neutrophils, and lymphocytes.
Interestingly, Npnt overexpression by HTVi in SCID mice did not in-
duce the formation of granuloma-like cell clusters (Fig. 2D). Be-
cause SCID mice lack T cells, B cells, and NKT cells, the clusters of
cells recruited by Npnt overexpression in C57BL/6 mice are likely

CD4%

Fig. 2. In vivo overexpression of Npnt induces granuloma-like cell cluster formation. (A-D) Histological analysis of mouse livers overexpressing Npnt or SEAP (used as
control). (A, B) C57BL/6] mice were analyzed 1 week after HTVi of pLIVE-Npnt. (C) C57BL/6] mice were analyzed 1 week after HTVi of pLIVE-SEAP. (D) SCID mice were
analyzed 1 week after HTVi of pLIVE-Npnt. Granuloma-like cell clusters (black arrow) are observed only in Npnt overexpressing C57BL/6] mice. Sections were stained with
hematoxylin and eosin. Original magnification, 100x (A, C and D) and 400x (B). (E, F) IHC of Npnt in Npnt overexpressing liver. Npnt producing hepatocytes and secreted
Npnt are stained green. Granuloma-like cell clusters (white arrow) are formed around highly-concentrated area of secreted Npnt. Original magnification, 100x (E) and 400x
(F). (G) HHC of granuloma-like cell clusters by various cell surface markers in C57BL/6] mice after HTVi of pLIVE-Npnt plasmid. Liver sections were stained with anti-CD45,
Thy1, CD3e, CD4, CD8, CD25, Mac1, CD49b, Gr1 antibody, respectively (magenta), and nuclei were counterstained with Hoechst (blue). Original magnification, 400x.
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to be composed of these immune cells, consistent with recent re-
ports that the numbers of NKT cells and T cells were increased in
inflammatory liver disease such as Con A-induced hepatitis
[18,19].

3.4. Characterization of blood cells recruited by Npnt

We next characterized the immune cells forming granuloma-
like cell clusters in livers expressing Npnt. Immunostaining of liver
sections with several cell surface markers revealed that the cells
forming granuloma-like clusters were almost all positive for
CD45, Thy1, and CD3e. CD4", Mac1® and CD49b" cells were in-
cluded in some cell clusters, whereas none of the clusters exam-
ined contained CDS8*, CD25" and Gr1” cells (Fig. 2G). These
results suggested that Npnt recruited either CD4" T cells or NKT
cells.

3.5. Overexpression of Npnt exacerbates Con A-induced acute hepatitis

It is known that NKT cells and T cells play a critical role in hep-
atitis including the Con A-induced acute hepatitis model, while the
depletion of liver NK cells fails to inhibit Con A-induced hepatic in-
jury [22]. It should be noted that overexpression of Npnt in livers
induced the formation of granuloma-like cell clusters consisting
of CD4" T cells or NKT cells, but did not augment liver injury as
measured by serum markers such as AST and ALT (data not
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shown). These results suggest that Npnt plays a crucial role in
the recruitment of immune cells to inflammatory foci, but does
not activate the recruited cells, raising the possibility that Npnt
may be mainly involved in the initial step of the pathogenesis of
hepatitis and that CD4" T cells or NKT cells recruited to inflamma-
tory foci are activated by other stimuli such as inflammatory
cytokines.

In order to investigate the effect of Npnt in hepatitis, we in-
jected Con A (15 mg/kg) intravenously into mice seven days after
HTVi of Npnt expression or control vector. In control mice, the
severity of liver damage, as reflected by serum AST and ALT levels,
peaked at 12 h and then declined 72 h after Con A injection. In con-
trast, mice injected with the Npnt expression vector exhibited
more severe liver injury with a time course similar to that in con-
trol mice (Fig. 3A and B). These data suggested that CD4" T cells or
NKT cells recruited by Npnt are involved in liver injury by the acti-
vation of their cytotoxicity.

3.6. The RGD motif is responsible for the formation of granuloma-like
cell clusters

The RGD motif has been known to be a prerequisite for the inte-
grin binding activity of Npnt [9,10]. In order to reveal whether the
interaction between integrin and Npnt is responsible for the for-
mation of granuloma-like cell clusters or not, we constructed an
Npnt mutant lacking the RGD motif (Fig. 3C middle) and expressed
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Fig. 3. In vivo overexpression of Npnt exacerbates Con A-induced acute hepatitis and RGD muotif is necessary for the formation of granuloma-like cell clusters. Plasma
aspartate aminotransferase (AST) levels (U/L) (A) and plasma alanine aminotransferase (ALT) levels (U/L) (B) were analyzed in pLIVE-SEAP (Ctrl vector) HTVi or pLIVE-Npnt
HTVi mice at 0 (Pre), 12, 24, 48 and 72 h after intravenous injection of Con A (15 mg/kg). n = 6 (Ctrl), 5 (Npnt HTVi) per time point. **p < 0.01, **p < 0.001 vs. Ctrl vector HTVi
group. (C) Schematic of wild type Npnt (top: Npnt), RGD deletion mutant (middle: ND1), and LFEIFEIER deletion mutant (lower: ND2). (D-F) Representative histology of
livers. Livers of C57BL/6] mice were analyzed 1 week after injection of pLIVE-Npnt (wild type) (D), pLIVE-Npnt RGD deletion mutant (E), or pLIVE-Npnt LFEIFEIER deletion
mutant (F) plasmids by HTVi. Sections were stained with hematoxylin and eosin. Granuloma-like cell clusters are observed (black arrow). Original magnification, 100x. (G)
Quantification of granuloma-like clusters. The average number of granuloma-like clusters per 40x field of view is shown. Twenty-five random fields from 5 mice per group

were used for analysis. ***p < 0.001 vs. native form of Npnt.
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it in the liver by HTVi method. The number of granuloma-like cell
clusters for the deletion mutant in livers was significantly lower
than that for the native form of Npnt (Fig. 3D, E and G). Sato
et al. reported that the LFEIFEIER sequence at the C-terminal side
of the RGD motif plays a supportive role in high-affinity binding
to o8B1 integrin [23]. We therefore constructed a deletion mutant
lacking the LFEIFEIER sequence (Fig. 3C lower) and expressed it in
the liver by HTVi method. The deletion mutant induced the forma-
tion of granuloma-like cell clusters at an intermediate level be-
tween the native form of Npnt and the RGD deletion mutant
(Fig. 3D, F and G). These results strongly suggested that the RGD
motif mediated the recruitment of CD4" T cells or NKT cells and
that the LFEIFEIER sequence partly contributed to the recruitment.

3.7. Expression of Npnt in human livers

To examine the possibility that Npnt is involved in human hep-
atitis, we investigated Npnt expression in human liver specimens.
In normal livers, Npnt was weakly expressed in periportal areas
(Fig. 4A and B). In contrast, Npnt was strongly and extensively ex-
pressed in periportal fibrotic areas of chronic hepatitis livers where
the infiltration of numerous immune cells was observed (Fig. 4C
and D). These data indicate that Npnt is upregulated and involved
in the pathogenesis of hepatitis in humans as well as mice.

4. Discussion

In this study, we have investigated the pathogenic role of Npnt
in liver injury. The expression of Npnt mRNA was transiently
upregulated in our mouse models of acute and chronic hepatitis.

In Con A-induced acute hepatitis, inflammatory foci were found
in the portal area and around the central vein [24]. In this model,
Npnt-expressing cells were Thy1*CD45™ cells, possibly mesenchy-
mal cells, in periportal and pericentral areas. On the other hand, in
DDC-induced chronic hepatitis, also known as cholangitis, inflam-
matory foci were observed within Glisson's capsules, especially
around bile ducts [17]. In this model, Npnt expressing cells were
Thy1*CD45" cells and EpCAM" cholangiocytes. In both injury mod-
els, Npnt expressing cells were clearly increased and localized in
inflammatory foci. Overexpression of Npnt by the HTVi method in-
duced the development of granuloma-like cell clusters in the
parenchymal area of the liver. Since plasmid DNA is mainly intro-
duced into hepatocytes by HTVi, it is suggested that the ectopic
expression of Npnt in hepatocytes contributes to the recruitment
of immune cells and formation of cell clusters in the parenchymal
area. IHC revealed that granuloma-like cell clusters consist of cells
of the T cell lineage (Thy1* CD3e* CD4*~ CD8~ CD25~ Macl*/-
CD49b*~), mainly CD4* T cells and NKT cells, as the latters are
CD49b* and partially CD4" and Mac1* [25,26]. A previous study
using T cell-deficient mice and T cell depletion with specific anti-
bodies revealed that Con A-induced liver injury was mediated by
CD4"* T cells [27,28]. In addition, Takeda et al. [29] reported that
CD1d knockout mice lacking NKT cells were resistant to Con A,
indicating a role for NKT cells in acute hepatitis. Consistently, over-
expression of Npnt by HTVi in SCID mice, which lack T cells, B cells,
and NKT cells, failed to induce granuloma-like cell clusters, indicat-
ing that these cells are involved in the development of granuloma-
like cell clusters. Furthermore we showed that CD4" T cells and
NKT cells were recruited by the interaction of cell surface integrin
and the RGD motif.

E Normal

Acute Hepatﬁis

Chronic Hepatitis

Fig. 4. Npnt expression in human liver sections and a model of the Npnt role in hepatitis. (A-D) Npnt immunostaining of normal (A, B) and cirrhotic (C, D) human liver tissue.
Color was developed using metal enhanced diaminobenzidine as a substrate. Counterstaining was performed with hematoxylin. Original magnifications, 50x (A, C); 200x (B,
D). (E) In a normal liver, Thy1" cells produce a small amount of Npnt. In Con A-induced acute hepatitis, Thy1* cells proliferate in both periportal and pericentral areas and
produce a large amount of Npnt. In DDC-induced chronic hepatitis, the outgrowth of bile ducts and surrounding stromal tissue is induced in the portal area. In addition to
Thy1* cells, cholangiocytes produce Npnt. In both cases, secreted Npnt promotes the migration of NKT cells and CD4" T cells and these cells finally contribute to the
exacerbation of hepatitis. PV: portal vein, BD: bile duct, A: hepatic artery, CV: central vein.
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Con A-activated NKT cells are known to secrete osteopontin
(OPN), another matrix protein containing the RGD motif [11]. How-
ever, the mechanism of recruiting NKT cells into the inflammatory
foci in injured liver has remained unknown. Our study revealed
that Npnt played a crucial role for recruiting CD4" T cells or NKT
cells into the liver and tethering them in inflammatory foci. Fur-
thermore, Npnt expression by HTVi exacerbated Con A-induced
acute hepatitis. These results suggest the synergistic action of
Npnt, OPN, and Con A for the recuitment and activation of NKT
cells, which also explains why the administration of non-peptide
mimetics of the RGD motif ameliorates Con A-induced liver injury
[30].

In summary, our study revealed the pathogenic role of Npnt in
hepatitis as shown in Fig. 4E. In normal livers, mesenchymal cells
produce a small amount of Npnt to maintain the immune system
around portal veins in livers. In Con A-induced acute hepatitis,
mesenchymal cells proliferate in periportal and pericentral areas
and produce a large amount of Npnt. In DDC-induced chronic hep-
atitis, bile ducts together with the surrounding stromal tissue pro-
liferate and cholangiocytes, in addition to mesenchymal cells,
produce Npnt, leading to cholangitis. In both cases, Npnt promotes
the infiltration of CD4" T cells or NKT cells via an interaction be-
tween the RGD motif and integrin. This is the first report showing
the role of Npnt in hepatitis via the recruitment of CD4" T cells or
NKT cells. NKT cells also secrete OPN, contributing to the progres-
sion of hepatitis as described previously [11]. Since Npnt knockout
mice display renal agenesis or kidney hypoplasia at birth and are
lethal, further investigation using conditional knockout mice
would help us better understand the roles of Npnt in liver diseases.
Because mouse and human Npnt share 88% sequence homology
[31], functions of Npnt may be conserved in human and we, in fact,
showed that Npnt was expressed more extensively in human
chronic hepatitis livers than in normal livers. It would be interest-
ing to study whether the expression level of Npnt is correlated
with the severity of hepatitis or the prognosis of patients. While
further clinical studies to confirm our present findings are neces-
sary, Npnt may become a potential therapeutic target for acute
and chronic hepatitis.
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Background: Laminin isoforms are suggested to differentially regulate epithelial morphogenesis.
Results: Liver epithelial cells could not establish apicobasal polarity without laminin a1 or B1 integrin signal, whereas they

formed immature lumen structures without laminin a5.

Conclusion: Laminins a1 and a5 are necessary to start and complete epithelial morphogenesis, respectively, during bile duct

development.

Significance: Laminins ol and a5 sequentially regulate different developmental processes to form epithelial tissues.

Signals derived from basal lamina components are important
for developing three-dimensional architecture of epithelial tis-
sues. Laminins consisting of e, B, and vy subunits in basal lamina
play pivotal roles in the formation and maintenance of epithelial
tissue structures. However, it remains unclear which laminin iso-
forms transmit signals and how epithelial cells receive them to reg-
ulate multiple developmental processes. In three-dimensional cul-
ture of a liver progenitor cell line, Hepatic Progenitor Cells
Proliferating on Laminin (HPPL), the cells establish apicobasal
polarity and form cysts with a central lumen. Neutralizing antibody
against B1 integrin blocked the formation and maintenance of the
cyst structure, indicating that 1 integrin signaling was necessary
throughout the morphogenesis. Although the addition of a1-con-
taining laminin, a ligand of B1 integrin, induced cyst formation, it
was dispensable for the maintenance of the cyst, suggesting that
HPPL produces another ligand for B1 integrin to maintain the
structure. Indeed, we found that HPPL produced a5-containing
laminin, and siRNA against laminin a5 partially inhibited the
lumen formation. In fetal liver, p75NTR™ periportal fibroblasts
and bile duct epithelial cells, known as cholangiocytes, expressed
al- and a5-containing laminins, respectively. In laminin a5 KO
liver, cholangiocytes normally emerged, but the number of bile
ducts was decreased. These results suggest that al-containing
laminin is sufficient as a component of the basal lamina for the
commitment of bipotential liver progenitors to cholangiocytes and
the apicobasal polarization, whereas a5-containing laminin is nec-
essary for the formation of mature duct structures. Thus, a1- and
a5-containing laminins differentially regulate the sequential
events to form epithelial tissues via 81 integrin signals.

Epithelial organs such as the lung, pancreas, kidney, and liver
contain tissue structures such as acini, glands, and tubules to
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perform the functions of each organ. Epithelial apicobasal
polarity in these tissue structures is essential for the directional
transport of nutritional and metabolic substances in the liver,
absorption of water and ions in the kidney, and gas exchange in
the lung. The liver has two epithelial tissue structures, hepatic
cords and bile ducts. Cholangiocytes, the epithelial cellular
components of bile ducts, differentiate from hepatoblasts,
bipotential liver progenitor cells, in midgestation and form
tubular structures in the perinatal period (1, 2). Cholangiocytes
first form ductal plates, epithelial cell layers around the portal
vein, that are then reorganized into bile duct tubules. Recent
studies revealed that the apical membrane is established at the
early stage of bile duct morphogenesis (3, 4). Because abnormal
development or degeneration of the apical lumina of bile ducts
results in cholestasis that leads to liver failure (5), the formation
and maintenance of the luminal space are crucial for perform-
ing the physiological roles of bile ducts.

Intracellular signals from either the apical or basal side of
epithelial cells affect the formation and/or maintenance of the
luminal structure of epithelial tissues. Cdc42 and phosphatase
and tensin homolog on chromosome 10 (PTEN) are localized at
the apical domain and segregate the apical domain in the
plasma membrane to generate the apical lumen (6, 7). On the
other hand, epithelial cells receive signals from extracellular
matrix (ECM)? proteins on the basal side.

A major functional component in basal lamina is a laminin
heterotrimer consisting of &, 8, and vy chains (8, 9). Until now,
five o, four B, and three vy chains, which are assembled into 18
different laminin isoforms, have been identified in mammals
(10). Laminin isoforms are expressed differentially in a spatio-
temporal manner and play substantial roles in the development
of epithelial structures and functions (9). The expression of
laminin isoforms in the normal and regenerating liver has been
extensively studied (11, 12). In normal mouse and human adult

2The abbreviations used are: ECM, extracellular matrix; CK, cytokeratin;
EpCAM, epithelial cell adhesion molecule; HPPL, Hepatic Progenitor Cells
Proliferating on Laminin; PECAM, platelet endothelial cell adhesion mole-
cule; E, embryonic day; P, postnatal day; aPKC, atypical protein kinase C.
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livers, a5-containing laminins, which are laminins 511
(a5B171) and 521 (a582v1), were strongly expressed in basal
lamina underlying portal and central veins, hepatic arteries, and
bile ducts, whereas in regenerating mouse liver after two-thirds
partial hepatectomy, al-containing laminin, which is laminin
111 (a1Blyl), was transiently expressed in liver lobules. Fur-
thermore, in the developing liver, the basal lamina including
laminin was detected around the liver bud and also around bile
ducts at a later stage in development (13). However, it has not
been determined which laminin isoforms are expressed at dif-
ferent stages of liver organogenesis. We have reported previ-
ously that a1l-containing laminin (laminin 111) is essential for
the bipotential liver progenitor cell line HPPL to develop api-
cobasal polarity and cholangiocyte characteristics in three-di-
mensional culture (14). Although our results indicated that
laminin was essential for liver epithelial cells to establish the
polarity and lumen as cholangiocytes, it has remained
unknown how HPPL receives signals from «l-containing
laminin and which cells provide laminin in vivo during bile
duct development.

Integrin, a heterodimer consisting of « and B chains, is a
major receptor for ECM proteins including laminins. Among
the subunits, B1 chain has been shown to be required for devel-
oping appropriate tissue structures both iz vive and in vitro
(15-18). A recent study showed that 81 integrin could mediate
distinct signals by associating with different « subunits during
epithelial morphogenesis (19). However, it remains unknown
which type of laminin isoform is important as a ligand for 1
integrin to regulate a specific step of epithelial tissue morpho-
genesis. Furthermore, the roles of B1 integrin in the formation
of liver tissue architecture have not been studied yet.

In this study, we investigated the expression and function of
laminin isoforms containing ol and a5 chains in bile duct
development. By using neutralizing antibody against 81 integ-
rin and siRNA against laminin a5, we addressed the roles of
these laminin isoforms in cyst morphogenesis in three-dimen-
sional culture. We also addressed the roles of «1- and a5-con-
tainig laminins iz vivo by demonstrating the normal emergence
of cholangiocytes and the abnormal morphogenesis of bile
ducts in laminin &5 knock-out mice. Our results indicate that
liver epithelial cells sequentially utilize «1- and a5-containing
laminins as ligands for B1 integrin in distinct processes of bile
duct morphogenesis, revealing the functional significance of
the transition from a1- to a5-containing laminin, which occurs
widely in the basal lamina of developing epithelial tissues.

EXPERIMENTAL PROCEDURES

ECM Proteins and Growth Factors—Type I collagen was pur-
chased from Koken Co., Ltd. (Tokyo, Japan). Growth factor-
reduced Matrigel and purified laminin 111 were from BD Bio-
sciences. Recombinant laminin 511 was produced in HEK293
cells triply transfected with mouse laminin o5, 81, and y1
chains and purified as described previously (20). Epidermal
growth factor (EGF) and hepatocyte growth factor were from
Invitrogen and R&D Systems (Minneapolis, MN), respectively.

Culture of HPPL in Two- and Three-dimensional Conditions—
HPPL was kept in DMEM/F-12 (Sigma) containing 10% FBS
(Invitrogen), 1X insulin/transferrin/selenium (Invitrogen), 10
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mM nicotinamide (Wako, Osaka, Japan), 0.1 uM dexametha-
sone (Sigma), 5 mm L-glutamine, and 5 ng/ml hepatocyte
growth factor and EGF. To induce the formation of cyst struc-
tures, we modified the method reported previously (14). The
bottom layer of culture was prepared in each well of 8-well
coverglass chambers (Nunc, Roskilde, Denmark) by adding 50
wl of a 1:1 mixture of Matrigel and type I collagen solution.
HPPL (3 X 10® cells in 150 ul of medium) was plated on the
bottom layer. After 10 min of incubation, the cells were covered
with 10% Matrigel in DMEM/F-12 containing growth factors.
At day 4 of the culture, the upper layer of Matrigel was replaced
with fresh DMEM/F-12 containing 5% Matrigel and growth
factors.

Transfer of Cysts from Matrigel to Type I Collagen Gel—
HPPL was kept in 5% Matrigel for 4 days in a well of a coverglass
chamber to allow the cells to generate cyst structures. After
washing with PBS, ice-cold Cell Recovery Solution (BD Biosci-
ences) was added to the well. The chamber was put on ice for
1 h. The whole solution was transferred to a 15-ml tube and
then centrifuged at 1,200 rpm for 4 min. The pellet containing
cysts was resuspended in type I collagen solution and poured
into a 1-cm-diameter tissue culture insert (0.02-um Anopore
membrane, Nunc). HPPL cysts were kept in type I collagen gel
for 3 additional days before immunocytochemical analysis.

Blocking Interactions between HPPL and Laminins in Three-
dimensional Culture—Neutralizing antibodies against B1
integrin (clone Ha2/5, BD Biosciences), a6 integrin (clone
GoH3, Biolegend, San Diego, CA), and «V integrin (clone
RMV-7, Biolegend) were used at a final concentration of 50
ug/ml to block the interaction between HPPL and ECM com-
ponents. Hamster IgM (BD Biosciences) and rat IgG (Bioleg-
end) were used as controls. Antibodies were added from the
beginning or at day 4 of three-dimensional culture. Three thou-
sand cells suspended in 150 pl of DMEM/F-12 containing
growth factors were plated into each well of an 8-well cover-
glass chamber (Nunc) coated with a mixture of type I collagen
and Matrigel. Ten minutes after plating, 150 ul of 10% Matrigel
containing control IgM, control IgG, or neutralizing antibody
was added and mixed by gently tapping. When antibody was
added at day 4 of the culture, wells were added with 400 ul of
ice-cold Cell Recovery Solution (BD Biosciences) and incu-
bated on ice for 30 min. After washing with medium, 200 ul of
fresh medium containing 5% Matrigel, growth factors, and IgM,
IgG, or neutralizing antibody was added to each well.

Knockdown of Laminin o5—piLenti plasmids containing tar-
get sequences were purchased from Applied Biological Materi-
als Inc. (Richmond, British Columbia, Canada). piLenti, pRev,
and pGag plasmids were co-transfected into 293T cells. Culture
medium containing lentivirus particles was diluted with fresh
medium containing growth factors and added to HPPL. After 3
days, the medium was replaced with fresh medium containing 1
pg/ml puromycin. After selecting puromycin-resistant cells,
the expression of laminin a5 was examined by quantitative
PCR.

Culture of Hepatoblasts—Hepatoblasts were isolated from
E14.5 liver based on expression of DIk1 as reported previously
(21). Cells were plated on dishes coated with either laminin 111
or recombinant laminin 511 and kept in the same medium used
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TABLE 1
Primary antibodies used for immunostaining
Antigen Company or source Host Dilution

E-cadherin BD Transduction Laboratories Mouse 1:1,500
B-Catenin BD Transduction Laboratories Mouse 1:1,500
Cytokeratin 19 Tanimizu et al. (21) Rabbit 1:2,000
EpCAM BD Pharmingen Rabbit 1:500
a6 integrin Biolegend Rat 1:500
B1 integrin Chemicon Rat 1:500
B4 integrin BD Pharmingen Rat 1:500
HNF4a Santa Cruz Biotechnology Goat 1:200
Laminin a1 A gift from Dr. Takako Sasaki (Oregon Health and Science University) Rabbit 1:2,000
Laminin a5 A gift from Dr. Takako Sasaki (Oregon Health and Science University) Rabbit 1:2,000
Protein kinase Santa Cruz Biotechnology Rabbit 1:100
Sox9 Millipore Rabbit 1:500
Z01 Zymed Laboratories Inc. Rabbit 1:200
Z01 A gift from Dr. Bruce Stevenson (University of Alberta) Rat 1:2,000

for HPPL. After 3 days, the culture medium was replaced with
serum-free DMEM/F-12 containing 500 pg/ml TGFB. After
24 h of stimulation, cells were dissolved in a lysis buffer and
used for RNA preparation.

Immunofluorescence Microscopy—Mouse embryonic and
neonatal livers were fixed in PBS containing 4% paraformalde-
hyde at 4°C, embedded in optical cutting temperature com-
pound (OCT) compound, and frozen. Laminin a5 KO livers
were kindly provided by Dr. Jeff H. Miner (Washington Univer-
sity, St. Louis, MO). They were used for preparation of thin
sections using a cryostat (Leica, St. Gallen, Switzerland). Serial
sections along the cranial tail axis were prepared from three
homozygous mutant and two heterozygous livers. To count the
number of duct structures and measure the lumen size, CK19™"
structures around the portal veins were examined in more than
10 sections at different locations along the axis from the liver
hilum to the periphery. Samples of the culture were gently
washed with PBS and then fixed in paraformaldehyde solution.
After incubation in PFS (PBS containing 7% cold water fish
gelatin (Sigma) and 0.1% saponin (Sigma)) at 4 °C for 30 min,
primary antibodies diluted in PFS were added to each well. To
remove excess antibodies, samples were gently washed with
PBS. Primary antibodies used in this study are listed in Table 1.
Signals were visualized with Alexa Fluor-conjugated secondary
antibodies (Molecular Probes, Eugene, OR) used at a dilution of
1:500. F-actin bundles were detected with Alexa Fluor 488-,
555-, or 633-conjugated phalloidin (Molecular Probes) at a
dilution of 1:250. Nuclei were counterstained with Hoechst
34580. Samples were examined using Zeiss LSM 510 and Olym-
pus FV1000D IX81 confocal laser-scanning fluorescence
microscopes.

Live Cell Imaging—HPPL expressing YFP-actin was kept in
5% Matrigel for 4 days in a 2-well coverglass chamber (Nunc).
After exchanging the upper layer with fresh medium containing
5% Matrigel and either hamster IgM or anti-B1 integrin anti-
body (Ha2/5), the coverglass chamber was set on the stage of an
Olympus FV1000 IX81 microscope. The temperature and CO,
concentration were kept at 37 °C and 5%, respectively. Fifteen
points were selected and followed for 24 h. Every 40 min, an X-Y
image was captured at each point.

Cell Isolation and Quantitative PCR—E14.5 liver cells were
labeled with FITC-conjugated rat monoclonal anti-DIk1 (22),
phycoerythrin-conjugated rat monoclonal anti-PECAM
(Biolegend), allophycocyanin-conjugated rat monoclonal
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anti-p75NTR (23), allophycocyanin/Cy7-conjugated rat
monoclonal anti-CD45 (Biolegend), and allophycocyanin/
Cy7-conjugated rat monoclonal anti-TER119 (Biolegend)
antibodies. E17.5 liver cells were labeled with FITC-conjugated
rat monoclonal anti-EpCAM (24) and phycoerythrin-conju-
gated rat monoclonal anti-ICAM1 (BD Biosciences) antibodies.
Postnatal day 0 (PO) liver cells and adult liver nonparenchymal
cells were labeled with the FITC-conjugated anti-EpCAM anti-
body. Cells were fractionated on a FACSvantage SE or
FACSAria (BD Biosciences). Isolated cells were used for RNA
isolation followed by cDNA synthesis using Omniscript reverse
transcriptase (Qiagen, Dusseldorf, Germany). PCR was per-
formed on an ABI Prism 7500 (Applied Biosystems Inc., Foster
City, CA) with TagMan gene expression assays for mouse
laminins a1 and &5 and hypoxanthine phosphoribosyltrans-
ferase. The threshold cycle (Ct) for each sample was deter-
mined on the ABI Prism software. We used the comparative Ct
method to compare expression levels of laminin « chains
among liver cell fractions using hypoxanthine phosphoribosyl-
transferase as an internal control and PO kidney as a calibrator
sample. The relative expression level was determined as the
value of 2744¢t, ACt and AACt were determined by using the
following formulas: ACt (a liver cell fraction) = Ct (laminin a1
or a5) — Ct (hypoxanthine phosphoribosyltransferase) and
AACt = ACt (a liver cell fraction) — ACt (PO kidney).

RESULTS

B1 Integrin Signal Is Necessary for Liver Progenitor Cells to
Develop and Maintain the Cyst Structure—HPPL forms cysts
with a central lumen in three-dimensional culture (14). Because
B1 integrin was expressed at the basal domain of HPPL
throughout cyst morphogenesis in culture (Fig. 1A4), we consid-
ered the possibility that 81 integrin transmits signals from the
ECM for liver progenitor cells to develop apicobasal polarity
and lumen. To test whether the interaction between ECM and
B1 integrin is required for the development of cyst structures,
we used a neutralizing anti-81 integrin monoclonal antibody
(clone Ha2/5). The addition of the anti-B1 antibody from the
beginning of three-dimensional culture (Fig. 1B) remarkably
inhibited the lumen formation (Fig. 1C). In the control culture,
HPPL formed cysts with polarity markers at their proper loca-
tions (Fig. 1D, upper panels); apical markers atypical protein
kinase C (aPKC) (Fig. 1D, panel 2) and F-actin (Fig. 1D, panel 3)
were localized at the apical membrane, whereas a6 integrin was
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FIGURE 1. B1 integrin is necessary for HPPL to develop and maintain the
cyst structure. A, expression of B1 integrins during three-dimensional cul-
ture. B1 integrin is clearly localized at the basolateral domain throughout the
culture. Cysts were stained with anti-B1 integrin antibody, which was visual-
ized with Alexa Fluor 488-conjugated anti-rat IgG and Alexa Fluor 633-conju-
gated phalloidin. The bar represents 20 um. B, timetable for the addition of
the anti-B1 integrin (clone Ha2/5), anti-a6 integrin (clone GoH3), or anti-aV
integrin (clone RMV7) antibody to three-dimensional culture to examine roles
of laminin-integrin interactions in the development of the cyst structure. One
of those blocking antibodies was added to three-dimensional culture from
the beginning, the lumen formation was examined as shown in C, and immu-
nofluorescence analysis was performed at day 4 as shown in D. C, anti-B1
and -a6 antibodies decrease the number of cysts with a central [umen. The
number of cellular structures with or without lumen was counted under a
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localized at the basal domain (Fig. 1D, panel 1). In contrast, in
the presence of the anti-f1 antibody, HPPL formed cell aggre-
gates without lumen (Fig. 1D, lower panels). In those cell aggre-
gates, aPKC (Fig. 1D, panel 6) and F-actin (Fig. 1D, panel 7)
were localized at the boundary between the cells and ECM. a6
integrin was localized at the cell-cell boundary but was absent at
the boundary between cells and ECM (Fig. 1D, panel 5). We also
added anti-a6 or anti-aV antibody to three-dimensional cul-
ture and found that anti-a6 antibody significantly inhibited the
formation of cysts (Fig. 1C).

Next, to examine whether the B1 integrin signal is also
important for maintaining the cyst structure, we added anti-1
integrin antibody to the culture from day 4 of the culture and
incubated it for an additional 3 days (Fig. 1E). Anti-B1 antibody
reduced the number of cysts with a central lumen (Fig. 1F).
Immunocytochemical analysis showed the altered localization
of polarity markers in the presence of anti-B1 antibody; aPKC
(Fig. 1G, panel 6) and F-actin bundles (Fig. 1G, panel 7) were
localized at the boundary between the cells and ECM gel,
whereas a6 integrin was excluded from the boundary (Fig. 1G,
panel 5). We also added anti-a6 or anti-aV antibody to the
culture from day 4 and found that anti-a6 antibody reduced the
number of cysts (Fig. 1F).

B4 integrin, which is another § subunit expressed in HPPL,
was detected at the basal surface of HPPL after the establish-
ment of the apicobasal polarity (supplemental Fig. 1A). During
the bile duct development, 34 integrin expression was observed
from a later stage as compared with 1 integrin (supplemental
Fig. 2). Based on these data, we considered the possibility that
B4 integrin is involved in the maintenance of the cyst structure.
We added a neutralizing antibody against 4 integrin from day
4 of the culture. The number of cysts was only slightly
decreased in the presence of anti-B4 antibody (supplemental
Fig. 1C), suggesting that it is not a major receptor mediating
signals to HPPL for the maintenance of the cyst structure.
These data indicated that the 81 integrin signal is required for

microscope. Cultures were repeated three times independently. More than
200 cellular structures in each well were examined. A t test was performed by
Microsoft Excel software. ¥, p < 0.05. D, HPPL forms cell aggregates in the
presence of the anti-B1 integrin antibody. In the control culture, aPKC
(D, panel 2) and F-actin (D, panel 3) are localized at the apical domain, and a6
integrin (D, panel 1) is at the basolateral domains. In the presence of the
anti-B1 antibody, aPKC (D, panel 6) and F-actin (D, panel 7) are localized at the
boundary between cells and the ECM gel, whereas a6 integrin (D, panel 5)
remains at the lateral domain but is excluded from the basal domain. E, time-
table for the addition of the anti-B1, -a6, or -aV integrin monoclonal antibody
to three-dimensional culture to examine the roles of the interaction in the
maintenance of the cyst structure. One of the antibodies was added to three-
dimensional culture at day 4, and the culture was terminated at day 7 for
counting the number of cysts (F) and for immunofluorescence analysis (G).
F, the number of cysts with a central lumen is decreased in the presence of
anti-B1 or anti-a6 antibody. The number of cellular structures with or without
lumen was counted at day 7 under a microscope. Cultures were repeated
three times independently. More than 200 cellular structures in each well
were examined. A t test was performed by Microsoft Excel software. *, p <
0.05. G, the cyst structure of HPPL is disrupted by the addition of the anti-f1
integrin antibody. aPKC (G, panel 2) and F-actin (G, panel 3) are localized at the
apical domain, whereas «6 integrin (G, panel 1) is found at the basolateral
domain in the control. By the addition of the anti-B1 antibody, the localiza-
tion of aPKC (G, panel 6) and F-actin (G, panel 7) changes from the apical
domain to near the ECM, whereas a6 integrin remains at the lateral domain
butis excluded from the basal domain (G, panel 5). Error bars in panels Cand F
represent standard deviation. Bars represent 20 um.
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FIGURE 2. Live cell imaging shows the processes of loss of normal polarity and collapse of the central lumen in the presence of anti-B1 integrin
antibody. A, timetable for live cellimaging and immunofluorescence. HPPL expressing YFP-actin was cultured in Matrigel for 4 days. After changing the upper
layer to 5% Matrigel containing an anti-B1 integrin antibody, the plate was placed on a microscope, and images were acquired every 40 min in the following
24 h. B, the apical lumens of the cysts were categorized into three groups: enlarged, unchanged, and shrunken. The ratio of “shrunken” lumen was significantly
increased in the presence of the anti-81 integrin antibody as compared with the control. C, images taken every 4 h during live imaging are shown. Typically,
HPPL exhibited a slightly expanded central lumen in the presence of control IgM (panels 1-14), whereas they lost apical localization of YFP-actin and the central
lumen in the presence of the anti-B1 integrin antibody (panels 15-28). D, localization of apical and basal markers was examined at 24 h after the addition of the
antibodies. When the central lumen still remained, apical markers such as aPKC and F-actin were evident at the basal domain (D, panels 7 and 8, arrowheads).

In contrast, a6 integrin was excluded from the basal domain of the cells showing basal aPKC and F-actin (D, panel 6). Scale bars represent 20 um.

both development and maintenance of the cyst structure and
that a6 integrin is a crucial partner of B1 integrin.

Live Cell Imaging Shows a Link between Dissolution of Polar-
ity and Collapse of the Central Lumen—The results using the
anti-B1 integrin antibody showed that the interaction between
B1 integrin and laminin is important for the maintenance of the
cyst structure (Fig. 1E-G). However, immunofluorescence
images at specific time points of three-dimensional culture did
not reveal the entire picture of how blocking the laminin-integ-
rin interaction disrupted the cyst structure. To visualize
changes of the cyst structure by blocking the interaction
between B1 integrin and laminin, a confocal microscope was
used to monitor the cyst structure in three-dimensional culture
for 24 h after the addition of the anti-B1 integrin antibody (Fig.
2A). Because F-actin bundles are an excellent indicator of
polarity and lumen, we established HPPL cells expressing YFP-
actin to visualize F-actin localization in live cells. We confirmed
that YFP-actin was localized at the apical regions of cysts (Fig.
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2C, panels 8 and 22). We monitored the size of the central
lumen during incubation and classified the lumens into three
types: enlarged, unchanged, and shrunken (or collapsed in
some cases). Enlarged and shrunken cysts were observed most
frequently in the absence and presence of the anti-B1 integrin
antibody, respectively (Fig. 2B). Fig. 2C, panels 1-14 (supple-
mental Movie 1) and 15-28 (supplemental Movie 2) show rep-
resentative morphologies of enlarged and shrunken cysts in the
presence and absence of anti-31 integrin antibody, respectively.
At 8 h after the addition of the antibody, YFP-actin appeared
near the ECM (Fig. 2C, panel 24, arrowhead). At this time, the
central lumen with an intense YFP-actin signal was still
observed, although it had started to shrink. Beyond that time,
basal actin became gradually evident (Fig. 2C, panel 27, arrow-
heads), and the lumen shrunk further and eventually collapsed.
We then characterized cysts in culture by immunofluorescence
staining at 24 h after the addition of the anti-B1 integrin anti-
body. At this time point, some cysts were still losing their polar-
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ity and lumen. Even when the central lumen remained, aPKC
and F-actin were localized near the ECM in some cells, whereas
a6 integrin was excluded from the basal domain (Fig. 2D, panels
6, 7, and 8, arrowheads). These results suggested that the cen-
tral lumen collapsed sequentially; at first, the interaction
between laminin and B1 integrin was lost followed by dissolu-
tion of the apical proteins, and finally the central lumen
collapsed.

Exogenous al-containing Laminin Is Dispensable for Main-
tenance of the Cyst Structure—Because exogenous al-contain-
ing laminin is needed for HPPL to form cysts (14), it was likely
to be a major ligand for B1 integrin during the formation of
cysts (Fig. 34). However, it remained unknown whether exog-
enous al-containing laminin is required after the formation of
cysts. To address this question, we isolated cysts from Matrigel,
the source of the a1-containing laminin, at day 4 and embedded
them in type I collagen gel (Fig. 3B). Unexpectedly, even though
al-containing laminin was removed from the cysts (Fig. 3C,
panel 1), the apicobasal polarity and the central lumen were
maintained in the collagen gel (Fig. 3C, panel 2). This result
indicated that exogenous al-containing laminin was no longer
required for the maintenance of the cyst structure, whereas 81
integrin signaling was required for the maintenance, suggesting
that HPPL might produce laminins during cyst formation.

aS-containing Laminin Is Produced from HPPL and Inte-
grated into an ECM Layer during Cyst Formation and Contrib-
ytes to Expand the Lumen—To address the possibility that
HPPL produces laminins, we examined the expression of
laminin « chains in HPPL both in two-dimensional and three-
dimensional culture conditions and found that HPPL expressed
laminin o5 mRNA in both culture conditions (Fig. 3D). HPPL
also expressed laminin 32 and y1 chain mRNAs, indicating that
the a5-containing laminin produced by HPPL was laminin 521.
By immunostaining, we also . examined whether HPPL
expressed laminin a5 protein during cyst formation (Fig. 3E).
At day 2 when the lumen was being developed, laminin o5 was
detected at the boundary between the basal domain of cells and
surrounding gel (Fig. 3E, panels 1-4). At day 4 when F-actin
bundles lined the central lumen, Jaminin a5 was localized at the
basal domain (Fig. 3E, panels 5—8). Basal laminin a5 was also
observed at day 7 of culture (Fig. 3E, panels 9—12). These results
suggested that «5-containing laminin was produced by HPPL
and integrated into the ECM layer around cysts, contributing to
the maintenance of the cyst structure.

To address the roles of a5-containing laminin in epithelial
morphogenesis, we introduced siRNA against laminin a5 to
HPPL and generated HPPL with reduced expression of laminin
a5 (HPPL-siLamab5; supplemental Fig. 3). In three-dimensional
culture, HPPL-siLama5 formed cysts with a lumen, although
the central lumen looked smaller than that of the control (Fig.
3F). We further measured the lumen diameter of cysts derived
from HPPL-siLama5 as well as those from the control. The
result indicated that cysts derived from HPPL-siLama5 had a
significantly smaller lumen than those from the control at day 4
(Fig. 3G). Less extension of the apical membrane in HPPL-
siLama5 might be a reason for the formation of a smaller lumen
(supplemental Fig. 4). These results suggested that endogenous
a5-containing laminin is dispensable for establishing apico-
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FIGURE 3. HPPL produces a5-containing laminin. A, HPPL forms cysts
depending on laminin 111 (a1-containing laminin). HPPL was cultured in
type | collagen gel or type | collagen gel containing 40% Matrigel, 40% type IV
collagen, or 40% laminin 111. HPPL formed cysts in the presence of Matrigel
orlaminin 111. Cells were stained with Alexa Fluor 488-conjugated phalloidin
and Hoechst 34580. B, a schematic view of the experiment to examine
whether a1-containing laminin is crucial for HPPL to maintain the apicobasal
polarity and lumen. HPPL was cultured in the presence of Matrigel for 4 days
to form cysts. HPPL cysts were isolated from Matrigel by incubation in Cell
Recovery Solution on ice for 1 h and then embedded in type | collagen gel.
After incubation for 3 days in collagen gel, localization of B-catenin, laminin
al, and F-actin was examined. C, the cyst structure is maintained without
exogenous al-containing laminin. B-Catenin (green) and F-actin (white) are
localized at the basolateral and apical domains, respectively, and the central
lumen is maintained in type | collagen gel. The bar represents 20 um. D, HPPL
expresses laminins a5, B2 and y1 in two-dimensional and three-dimensional
culture. Expression of all the a chain, B1and 52, and -yl mRNAs was examined
by RT-PCR. The &5, 82, and y1 chains are expressed both in two-dimensional
and three-dimensional culture, whereas the 81 chain is expressed in two-
dimensional but not in three-dimensional culture. First strand cDNA synthe-
sized from P8 kidney lysate was used as the positive control (p.c.). £, laminin
a5 protein produced by HPPL accumulates at the basal surface of cysts. At day
2, F-actin is accumulated at the apical membrane of the developing central
lumen. Laminin a5 is detected at the boundary between cells and Matrigel
(panels 1-4). At days 4 and 7, HPPL cells develop an apical lumen surrounded
by thick F-actin bundles, indicating that they have established apicobasal
polarity. At these time points, laminin a5 is detected clearly at the basal sur-
faces of cysts (panels 5-12). F and G, HPPL-siLama5 (HPPL expressing siRNA
against laminin a5) forms smaller cysts as compared with the control. The
control and HPPL-siLamas5 were cultured for 4 days. HPPL-siLama5 forms a
cyst with the central lumen surrounded by F-actin bundles (white), but the
lumen size is smaller than that of the control cyst (F). The lumen diameter of
cysts derived from HPPL-siLamas5 is statistically significantly shorter than that
derived from the control HPPL (G). Error bars represent standard deviation.
DIC, differential interference contrast.
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FIGURE 4. Distribution of laminins «1 and a5 in developing liver. A-D, laminin a1 is detected at the basal side of E-cadherin™ cholangiocytes forming a
ductal plate in E15.5 (A, panels 1-4) and EpCAM™ cholangiocytes in the P1 liver (B, panels 1~4), whereas its expression is dramatically reduced in the P10 liver
(C, panels 1-4) and then disappears from the basal side of cholangiocytes forming mature bile ducts in the adult liver (D, panels 1-4). In the P10 liver, a1 is still
observed at the basal side of the remaining ductal plate (C’, panels 2-4). Bars represent 20 pum. E-H, laminin o5 is detected at the basal side of most of the
E-cadherin™ cholangiocytes in E15.5 (E, panels 1-4), although it is excluded from the basal side of some cholangiocytes (open arrowheads). In the P1 liver,
laminin a5 is clearer at the basal side of cholangiocytes (F, panels 1-4). Later, laminin a5 is abundantly present at the basal side of cholangiocytes in P10
(G, panels 1-4) and adult liver (H, panels 1-4). Bars represent 20 um. I, expression of laminins a1 and &5 by various types of cells at E14.5. Hematopoietic
(CD45*TER119™) and endothelial (PECAM™) cells, progenitors of stellate and periportal fibroblasts (p75NTR*), and hepatoblasts (DIk™) were isolated from the
E14.5 fetal liver when hepatoblasts near the portal vein were undergoing differentiation to cholangiocytes. p7SNTR™ cells express the a1 chain, whereas DIk™*
cells weakly express the a5 chain. The levels of a1 and a5 chains are presented in this graph as the ratio against the expression level of each « chain in the PO
kidney. J, expression of laminins a1 and &5 during differentiation along the cholangiocyte lineage. Laminin a1 increased 5-fold in E17 cholangiocytes as
compared with E14 hepatoblasts. However, the expression of laminin a1 mRNA was transient; it decreased in P1 cholangiocytes and then disappeared in adult
cholangiocytes. On the other hand, laminin a5 increased 9-fold in E17 cholangiocytes as compared with E14 hepatoblasts, and the strong expression of laminin
a5 was maintained in neonatal and adult cholangiocytes. The expression of a1 and a5 chains in DIk™ hepatoblasts, ICAM1* hepatocytes, and EpCAM™
cholangiocytes isolated from the developing liver was examined by quantitative PCR. The levels of a1 and a5 chains are presented in the graph as the ratio
against the expression level of each « chain in the PO kidney. HPRT, hypoxanthine phosphoribosyltransferase; PV, portal vein.

basal polarity and lumen but does contribute to expand the
apical lumen.

Expression of Laminins ol and o5 in Vivo during Bile Duct
Morphogenesis—It has been well established that cholangio-
cytes are associated with the laminin layer from the onset of
their differentiation (13). However, it has remained unknown
which laminin a chain is the major component at each specific
developmental stage. We performed immunostaining of fetal,
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neonatal, and adult livers with antibodies against laminins «1
and a5 (Fig. 4). EpCAM staining clearly marks cholangiocytes
beyond E17.5, and intensive E-cadherin staining at cell-cell
contacts is a marker of newly differentiated cholangiocytes at
E15.5 or E16.5 (3). At E15.5, laminin al was clearly detected at
the basal side of E-cadherin™ cholangiocytes in the ductal plate
(Fig. 4A). Laminin o5 was also detected at the basal side of
cholangiocytes (Fig. 4E, closed arrowheads). In contrast to
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laminin a1, cholangiocytes without basal laminin a5 were also
observed at E15.5 (Fig. 4, open arrowheads). (About 25% of
E-cadherin™ cholangiocytes were not associated with laminin
o5, whereas less than 10% of them were not associated with
laminin «l.) Just after birth (P1), cholangiocytes were associ-
ated with both al and o5 chains (Fig. 4, B and F). At P10,
cholangiocytes constituting bile duct tubules were associated
only with the a5 chain (Fig. 4, C and G), whereas laminin «1 was
still detected at the basal side of cholangiocytes in the remnants
of ductal plates (Fig. 4C’). In the adult liver, cholangiocytes in
bile ducts were associated only with the laminin a5 chain (Fig.
4, D and H) as observed at P10. Thus, both al and a5 chains
were localized beneath cholangiocytes during tubular morpho-
genesis, whereas the al chain disappeared after the completion
of tubular morphogenesis.

To confirm which types of cells produced a1 and &5 chains,
we first isolated CD45"TER119" hematopoietic cells,
PECAM™" endothelial cells, p75NTR™ fibroblasts (23), and
DIK1™ hepatoblasts (21) from E14.5 livers and examined the
expression of laminins a1l and a5 by quantitative PCR (Fig. 4J;
the purity of DIk1™* hepatoblasts and p75NTR™ cells was con-
firmed by quantitative PCR as shown in supplemental Fig. 5).
We also isolated DIk1* hepatoblasts and EpCAM™ cholangio-
cytes from developing and adult livers and examined the
expression of laminins a1 and a5 by quantitative PCR (Fig. 4/).
The data showed that p75NTR™ cells including periportal
fibroblasts expressed the laminin a1 chain, whereas EpCAM™
cholangiocytes expressed the laminin a5 chain strongly but the
«l chain only weakly. Thus, al-containing laminin was pro-
vided to liver epithelial cells mainly from adjacent cells in a
juxtacrine fashion, whereas a5-containing laminin was pro-
duced by liver epithelial cells when they differentiated along the
cholangiocyte lineage.

Loss of Laminin aS Does Not Affect the Lineage Determina-
tion of Hepatoblasts—To determine whether a5-containing
laminin had any specific function in the development of bile
ducts in vivo, we compared E17.5 livers derived from laminin
a5-null mice with those from heterozygous mice (Fig. 5). At
first, we examined the expression of laminin a5 that was local-
jzed at the basal side of osteopontin™ cholangiocytes in normal
liver (Fig. 5A, panel 1) and confirmed that it was not detected in
laminin a5 KO liver (Fig. 54, panel 2). On the other hand,
laminin a1 was expressed in both the control and mutant livers
(Fig. 5A, panels 3 and 4). Next, we examined the expression of
cytokeratin 19 (CK19) to evaluate the differentiation of cholan-
giocytes from hepatoblasts around the portal vein and revealed
that CK19™ cholangiocytes emerged around the portal vein in
mutant liver as in the control at E17.5 (Fig. 5B). Cholangiocytes
in the control and mutant livers were also positive for Sox9
(data not shown). We also examined livers at E16.5 and found
CK19™" cells both in the control and mutant livers (data not
shown). We further counted CK19" cells around each portal
vein and found that a similar number of CK19" cells were
observed in the control and mutant livers at E17.5 (Fig. 5C).
Consistent with the normal emergence of cholangiocytes in the
KO liver, TGFf, a major signal inducing the cholangiocytes
from hepatoblasts, induced expression of cholangiocyte mark-
ers in bipotential hepatoblasts cultured on al-containing
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laminin more efficiently than on a5-containing laminin (Fig. 5,
D and E). Thus, a5-containing laminin was dispensable, and
al-containing laminin seemed to be sufficient as an ECM com-
ponent for the commitment of bipotential hepatoblasts to
cholangiocytes.

Loss of Laminin oS Attenuates Bile Duct Morphogenesis—
Next, we compared bile duct structures in laminin a5 KO liver
with those in the control. We examined the formation of tight
junctions by staining with anti-ZO1 antibody and found that
CK19™ cholangiocytes formed tight junctions and surrounded
luminal space (Fig. 6A4), suggesting that apicobasal polarity was
established in cholangiocytes in the absence of laminin 5.

On the other hand, it seemed that the lumen of ducts was
smaller in laminin a5 KO liver (Fig. 64). We measured the
lumen area and found that the lumen size was significantly
decreased in laminin a5 KO liver (Fig. 6B). Furthermore, the
number of duct structures in which CK19* cholangiocytes
completely surrounded the lumen appeared to be fewer in
laminin a5 KO liver (Fig. 5B, arrowheads). On the other
hand, immature duct structures in which a lumen was not
completely surrounded by CK19™ cholangiocytes (Fig. 64,
panels 9—-12) were more evident in laminin a5 KO liver (sup-
plemental Fig. 6). Therefore, we counted duct structures
around each portal vein and found that the number of duct
structures was significantly decreased in the mutant liver
(Fig. 6C). Based on these results, we considered that laminin
a5 is required for the formation of mature duct structure
during the development of bile ducts.

DISCUSSION

In this study, we showed that, via B1 integrin, liver epithelial
cells interacted with al-containing laminin provided by adja-
cent fibroblasts while establishing apicobasal polarity and the
apical lumen, and subsequently, they produced and utilized
a5-containing laminin to further advance bile duct morpho-
genesis and maintain the structures of bile ducts. Given the fact
that renal and submandibular epithelial cells start tubular mor-
phogenesis in the presence of al-containing laminin, which is
later replaced by a5-containing laminin (16, 25), our finding
that liver epithelial cells sequentially utilized a1- and a5-con-
taining laminins for distinct processes of bile duct morphogen-
esis may reflect a general mechanism regulating the formation
of tissue structures in epithelial organs.

To clarify sequential contributions of @1- and a5-containing
laminins in the development of epithelial tissues, we analyzed
structures of bile ducts in laminin 5 KO liver. Consistent with
the fact that exogenous a1-containing laminin is necessary for
HPPL to develop apicobasal polarity and lumen, al-containing
laminin is sufficient for immature cholangiocytes to establish
apicobasal polarity in the absence of laminin «5. However, we
found abnormal tubular morphogenesis as shown by the
decrease in mature duct structures and reduced size of the
remaining ducts in the mutant liver. The reduced number of
ducts might result from the delay of tubular morphogenesis. It
was reported that ductal plates are converted to mature ducts
through an intermediate structure called “asymmetric ducts”
(3). Asymmetric ducts could be recognized as lumens sur-
rounded by CK19*HNF4a~ cholangiocytes on one side and
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