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Fig. 5. Binding of NS4B to STING blocks molecular the interaction between Cardif and STING. (A,C) NS4B expression plasmid was cotrans-
fected with STING or Cardif expression plasmid into HEK293T cells (A) or Huh7 cells (C). After 24 hours, cell lysates were subjected to immuno-
precipitation using anti-HA or anti-Flag and were immunoblotted with anti-myc. (B,D) Cardif and STING expression plasmids were cotransfected
with various amounts of NS4B plasmid in HEK293T cells (B) or Huh7 cells (D). After 24 hours, cells lysates were subjected to immunoprecipita-

tion using anti-Flag and were immunoblotted with anti-HA.

interaction with STING, may hinder the direct molecu-
lar interaction between Cardif and STING. To verify
this hypothesis, we performed immunoprecipitation
assays. First, we transfected plasmids that expressed
NS4B and Cardif, or NS4B and STING, in HEK293T
cells or Huh7 cells, and performed immunoprecipita-
tion. NS4B strongly bound to STING in both
HEK293T cells and Huh7 cells, suggesting specific mo-
lecular interactions, whereas NS4B and Cardif did not
show any obvious interaction (Fig. 5A,C). Consistent
with previous reports, STING and Cardif showed signif-
icant interaction (Fig. 5B,D). Interestingly, those interac-
tions were decreased by coexpression of NS4B, depend-
ing on its input amount, and finally blocked completely
in both HEK293T and Huh7 cells (Fig. 5B,D). Collec-
tively, the results above demonstrate that NS4B disrupts
the interaction between Cardif and STING possibly
through competitive binding to STING.

Effects on HCV Infection and Replication Levels by
STING Knockdown and NS4B Overexpression. We
next studied the impact of STING-mediated IFN pro-
duction and its regulation by NS4B on HCV infection
and cellular replication. First, we transfected three
STING-targeted siRNAs into Huh7/Feo cells (Fig. 6A).
As shown in Fig. 6B, STING knockdown cells conferred
significantly higher permissibility to HCV replication.
We next transfected HCV-JFH1 RNA into Huh7 cells
that were transiently transfected with NS4B. As shown

in Fig. 6C, HCV core protein expression was signifi-
cantly higher in NS4B-overexpressed cells. Furthermore,
HCV replication was increased significantly in Huh7/
Feo cells overexpressing NS4B (Fig. 6D). Taken to-
gether, the results above demonstrate that STING and
NS4B may negatively or positively regulate cellular per-
missiveness to HCV replication.

The N-terminal Domain of NS4B Is Essential for
Suppressing IFN-B Promoter Activity Mediated by
RIG-I, Cardif, and STING. It has been reported that
the N-terminal domain of several forms of flaviviral
NS4B shows structural homology with STING.** We
therefore investigated whether the STING homology
domain in NS4B is responsible for suppression of
IFN-f production. We constructed two truncated
NS4B expression plasmids, which covered the N ter-
minus (NS4Bt1-84, amino acids 1 through 84) con-
taining the STING homology domain and the C ter-
minus (NS4Bt85-261, amino acids 85 through 261),
respectively (Fig. 7A). Immunoblotting showed that
NS4Bt1-84 and NS4Bt85-261 yielded protein bands
of ~9 kDa and ~20 kDa, respectively. Aberrant bands
in the truncated NS4B may be due to alternative post-
translational processing. HEK293T cells were trans-
fected with ARIG-I, Cardif, or STING, and NS3/4A
or the truncated NS4B, along with IFN-f-Fluc plas-
mid, and a reporter assay was performed. NS4Bt1-84
significantly suppressed RIG-I, Cardif, and STING-
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Fig. 6. Effects on HCV replication levels by STING knockdown and NS4B overexpression. (A) Effects of siRNA knockdown of STING by siRNA.
Huh7 cells were transfected with STING-targeted siRNAs (siRNA STING-1, -2, and -3, respectively) or negative control SiRNA (siRNA NTC). Sev-
enty-two hours after transfection, cells were harvested and expression levels of STING protein were detected by immunoblotting. (B) Huh7 cells
expressing HCV-Feo subgenomic replicon (Huh7/Fe0)?”?® were transfected with STING-targeted siRNAs or negative control siRNA. Seventy-two
hours after transfection, cells were harvested, and internal luciferase activities were measured. The y axis indicates luciferase activity shown as a
ratio of transfection-negative control. Assays were performed in triplicate, and error bars indicate the mean + SD. *P < 0.05 compared with cor-
responding negative controls. (C) Empty plasmid or plasmid expressing NS4B was transfected into Huh7 cells. After 24 hours, HCV-JFH1 RNA
was transfected into these cells. Seventy-two hours after virus transfection, HCV core antigen levels in culture medium were measured. Assays
were performed in triplicate, and error bars indicate the mean + SD. *P < 0.05 compared with corresponding negative controls. tf(—), transfec-
tion-negative control. (D) Huh7 cells expressing HCV-Feo replicon (Huh7/Feo)27'28 were transfected with NS4B expressing plasmid or empty plas-
mid (pcDNA). Forty-eight hours after transfection, internal luciferase activities were measured. The y axis indicates luciferase activity shown as a
ratio of the transfection-negative control. Assays were performed in triplicate, and error bars indicate the mean + SD. *P < 0.05 compared with
corresponding negative controls.

that both NS4Bt1-84 and NS4Bt85-26 colocalized
with ER and STING (Fig. 7C).

NS4B Suppresses IFN Production Signaling Coop-
eratively with NS3/4A. It has been reported that

induced IFN-f promoter activity, whereas NS4Bt85-
261 did not (Fig. 7B). These results suggest that the
N-terminal domain of NS4B is responsible for associa-
tion with STING. Fluorescent microscopy indicated
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Fig. 7. The N-terminal domain of NS4B is essential for suppressing IFN-f8 promoter activity induced by RIG-I, Cardif, or STING. (A) Immuno-
blotting of NS4B and truncated NS4B, NS4B t1-84, and NS4Bt85-216. HEK293T cells were transfected with NS4B or truncated NS4B. After 24
hours, the cells were lysed and immunoblot assays were performed. The band indicated by the pound sign (#) is a truncated NS4B, probably
generated via alternative posttranslational processing. (B) Plasmids expressing ARIG-I, Cardif, or STING as well as NS3/4A or the indicated trun-
cated form of NS4B were cotransfected with pIFN-p-Fluc and pRL-CMV in HEK293T cells. Dual luciferase assays were performed 24 hours after
transfection. Plasmids expressing RIG-IKA, ACARD, or pcDNA were used as negative controls. The y axis indicates IFN-f-Fluc activity shown as
relative values. Assays were performed in triplicate, and error bars indicate the mean = SD. *P < 0.05 compared with corresponding negative
controls. (C) Plasmids expressing NS4Bt1-84-myc of NS4Bt85-261-myc were transfected with or without plasmids expressing HA-STING in
HEK293T cells. After 24 hours, the cells were fixed and immunostained. Nuclei were stained with DAPI. Cells were observed by confocal micros-
copy. Scale bars indicate 5 pum.
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Fig. 8. NS4B suppressed IFN-f3 production pathway independently of
and cooperatively with NS3/4A. (A) Immunoblotting of Cardif and trun-
cated Cardif (Cardif1-508). HEK293T cells were transfected with Cardif
or truncated Cardif (Cardif1-508). After 24 hours, the cells were lysed
and immunoblot assays were performed. (B) Subcellular localization of
Cardif and truncated Cardif (Cardif1-508). HEK293T cells were immuno-
stained with anti-Cardif antibody or HEK293T cells were transfected with
myc-tagged truncated Cardif (Cardif1-508-myc), and after 24 hours the
cells were immunostained with anti-myc. Mitochondria were stained with
Mitotracker (red) and nuclei were stained with DAPI (blue). Plasmid
expressing myc-tagged truncated Cardif (Cardif1-508) and plasmid
expressing HA-tagged STING were transfected into HEK293T cells. The
cells were immunostained with anti-myc and anti-HA antibodies and an-
alyzed by confocal laser microscopy. Scale bars = 10 um. (C) Plasmids
expressing Cardif or truncated Cardif (Cardif1-508) and pIFN-f-Fluc and
pRL-CMV were transfected with or without plasmid expressing NS3/4A or
NS4B into HEK293T cells as indicated. Dual luciferase assays were per-
formed 24 hours after transfection. Plasmid expressing ACARD or
pcDNA was used as a negative control. The y axis indicates IFN-$-Fluc
activity shown as relative values. Assays were performed in triplicate,
and error bars indicate the mean = SD. *P < 0.05.

HCV NS3/4A serine protease cleaves Cardif between
Cys-508 and His-509, releases Cardif from the mito-
chondrial membrane, and blocks RIG-I-induced IFN-
B production. We next assessed whether NS4B sup-
presses IFN-f production in the presence of Cardif
cleaved by NS3/4A protease (Cardif1-508, Fig. 8A).
The truncation of Cardif~C-terminal residue abolished
mitochondrial localization but still colocalized with
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STING (Fig. 8B). The reporter assay showed that Car-
dif1-508 induced weak IFN-f activation. Interestingly,
NS4B completely blocked the residual function of the
Cardif1-508 protein to activate IFN-f expression, sug-
gesting an additive effect of NS3/4A and NS4B on the
RIG-I-activating pathway (Fig. 8C).

Discussion

It has been reported that viruses, including HCV, tar-
get IFN signaling to establish persistent replication in
host cells.?® We have reported that NS4B blocks the tran-
scriptional activation of ISRE induced by overexpression
of RIG-I and Cardif, but not by TBK1 or IKKe.' In the
present study, we have shown that NS4B directly and
specifically binds STING, an ER-residing scaffolding
protein of Cardif and TBK1 and an inducer of IEN-f
production (Figs. 3 and 5), and blocked the interaction
between STING and Cardif (Fig. 5B,D) resulting in
strong suppression of RIG-I-mediated phosphorylation
of IRF-3 and expressional induction of IFN-f (Fig. 1).
Furthermore, HCV replication was increased by knock-
down of STING or overexpression of NS4B (Fig. 6).
Taken together, our results demonstrate that HCV-
NS4B strongly blocks virus-induced, RIG-I-mediated
activation of IFN-f production signaling through target-
ing STING, which constitutes a novel mechanism of vi-
ral evasion from innate immune responses and establish-
ment of persistent viral replication.

Our results also showed that the effects of NS4B on
the RIG-I signaling were independent of NS3/4A-
mediated cleavage of Cardif. Reporter assays showed
that a cleaved form of Cardif (Cardif1-508) partially
retained activity for the induction of IFN-f promoter
activation. The residual IFN-f promoter activation
was suppressed almost completely by NS4B but not by
NS3/4A (Fig. 8C). These findings show that there are
at least two mechanisms by which HCV can abrogate
RIG-I-mediated IFN production signaling to accom-
plish abrogation of cellular antiviral responses.

NS4B and STING are ER proteins,”?"%° whereas
Cardif is localized on the outer mitochondrial mem-
brane.” Consistent with those reports, our immuno-
staining experiments demonstrated that most NS4B
protein colocalized with STING (Fig. 2), and their asso-
ciation was localized on MAM (Fig. 2E). In addition to
the significant colocalization of STING and NS4B,
STING partially colocalized with Cardif at the bound-
ary region of the two proteins (Fig. 2B). Furthermore,
immunoprecipitation experiments showed that overex-
pression of NS4B completely blocked the interaction of
STING with Cardif (Fig. 5B). Ishikawa et al?4 reported
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that STING could associate with Cardif by MAM inter-
action. Castanier et al.*! reported that Cardif-STING
interaction was enhanced in cells with elongated mito-
chondria. In addition, Horner et al.**%3 observed NS3/
4A targeting of MAM-anchored synapse and cleavage of
Cardif at MAM but not in mitochondria. These results
led us to speculate that interaction between STING and
Cardif was enhanced by altering their subcellular local-
ization during viral infection and that NS4B inhibits
Cardif activation by interfering with the association
between STING and Cardif on MAM-like NS3/4A
behavior against host innate immunity.

HCV-NS4B is an ER-localized 27-kDa protein with
several functions in the HCV life cycle. Cellular expres-
sion of NS4B induces convolution of the ER membrane
and formation of a membranous web that harbors HCV
replicase complex.*** NS4B also has RNA-binding
capacity.*® In addition, several point mutations of NS4B
were found to alter viral replication activity.>>***” The
studies above indicate that NS4B provides an important
protein-protein or protein-RNA interaction platform
within the HCV replication complex and is essential for
viral RNA replication. However, there are few reports
on the involvement of NS4B with antiviral immune
responses. Consistent with our previous study, Mor-
iyama et al.*® reported that NS4B partially inhibited
dsRNA-induced but not TRIF-induced activation of
IFN-f. In NS§4B-expressing cells, IFN-o induced activa-
tion of STAT1 was suppressed.”” The present study has
demonstrated that NS4B functions against the host IFN
response, such that NS4B directly interacts with STING
and suppresses downstream signaling, resulting in the
induction of IFN production.

STING contains a domain homologous to the N
terminus of NS4B derived from several flaviviruses,
including HCV. In our previous NS4B truncation
assay, the NS4B N-terminal domain (amino acids
1-110) was important for suppression of RIG-I-
induced IFN-B expression.’” Consistent with these
results, N-terminally truncated NS4B (NS4Btl-84)
significantly suppressed STING and Cardif-induced
IEN-f promoter activation, whereas the C terminus of
NS4B (NS4Bt85-261) did not (Fig. 7). These results
reinforce our hypothesis that NS4B binds STING at
its homology domain and blocks the ability of STING
to induce IFN-f production.

A small molecule inhibitor of NS4B has been devel-
oped and is under preliminary clinical trials.>® Einav
et al.’' identified clemizole hydrochloride, an H1
histamine receptor antagonist, as an inhibitor of the
RNA-binding function of NS4B and HCV RNA repli-
cation. A phase 1B clinical trial of clemizole in hepati-
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tis C patients has been completed.’? Other two NS4B
inhibitors which are a compound of amiloride analog
and anguizole are under preclinical development.’®>*
The possibility remains that such NS4B inhibitors
may suppress HCV replication partly through inhibi-
ting the ability of NS4B to suppress IFN-f production
and restore cellular antiviral responses.

In conclusion, IFN production signaling induced by
HCV infection and mediated by RIG-I is suppressed
by NS4B through a direct interaction with STING.
These virus-host interactions help to elucidate the
mechanisms of persistent HCV infection and consti-
tute a potential target to block HCV infection.
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Wntb5a Signaling Mediates Biliary Differentiation of
Fetal Hepatic Stem/Progenitor Cells in Mice

Kei Kiyohashi,'* Sei Kakinuma,"** Akihide Kamiya,>’ Naoya Sakamoto,** Sayuri Nitta," Hideto Yamanaka,"
Kouhei Yoshino,' Junko Fujiki,' Miyako Murakawa,' Akiko Kusano-Kitazume,' Hiromichi Shimizu,"
Ryuichi Okamoto,' Seishin Azuma,' Mina Nakagawa,' Yasuhiro Asahina,"* Naoki Tanimizu,> Akira Kikuchi,®
Hiromitsu Nakauchi,’ and Mamoru Watanabe’

The molecular mechanisms regulating differentiation of fetal hepatic stem/progenitor
cells, called hepatoblasts, which play pivotal roles in liver development, remain obscure.
Wat signaling pathways regulate the development and differentiation of stem cells in vari-
ous organs. Although a f-catenin-independent noncanonical Wnt pathway is essential for
cell adhesion and polarity, the physiological functions of noncanonical Wnt pathways in
liver development are unknown. Here we describe a functional role for Wnt5a, a nonca-
nonical Wnt ligand, in the differentiation of mouse hepatoblasts. Wnt5a was expressed in
mesenchymal cells and other cells of wild-type (WT) midgestational fetal liver. We ana-
lyzed fetal liver phenotypes in Wnt5a-deficient mice using a combination of histological
and molecular techniques. Expression levels of Sox9 and the number of hepatocyte nuclear
factor (HNF)1ﬂ+HNF4oc_ biliary precursor cells were significantly higher in Wnt5a-
deficient liver relative to WT liver. In Wnt5a-deficient fetal liver, 7z vivo formation of
primitive bile ductal structures was significantly enhanced relative to WT littermates. We
also investigated the function of Wnt5a protein and downstream signaling molecules using
a three-dimensional culture system that included primary hepatoblasts or a hepatic pro-
genitor cell line. In vitro differentiation assays showed that Wnt5a retarded the formation
of bile duct-like structures in hepatoblasts, leading instead to hepatic maturation of such
cells. Whereas Wnt5a signaling increased steady-state levels of phosphorylated calcium/
calmodulin-dependent protein kinase II (CaMKII) in fetal liver, inhibition of CaMKII
activity resulted in the formation of significantly more and larger-sized bile duct-like
structures 7z vitro compared with those in vehicle-supplemented controls. Conclusion:
Whnt5a-mediated signaling in fetal hepatic stem/progenitor cells suppresses biliary differ-
entiation. These findings also suggest that activation of CaMKII by Wnt5a signaling sup-
presses biliary differentiation. (HeraATOLOGY 2013;57:2502-2513)

epatic stem cells are multipotent stem cells and adult livers." The extrahepatic stem cell niches are
located within ductal plates in fetal and neo- peribiliary glands within the bile ducts in humans.”
natal livers, and canals of Hering in pediatric Hepatic stem/progenitor cells, called hepatoblasts in

Abbreviations: Ab, antibody; AFD o-fetoprotein; ALB, albumin; CaMKIL, calcium/calmodulin-dependent kinase II; CK, cytokeratiny CPS1, carbamoyl
phosphate synthetase 1; DAPL; 4,6-diamidino-2-phenylindole; DMEM, Dulbecco’s modified Eagles medium; DMSO, dimethyl sulfoxide; E, embryonic day; EHS,
Engelbreth-Holm-Swarm; FCS, fetal calf serum; Fzd, Frizzled; GGPase, glucose G-phosphatase; HGE hepatocyte growth factor; HNE hepatocyte nuclear factor;
KO, fknockout; mRNA, messenger RNA; MRP3, multidrug resistance—associated protein 3; NLK, Nemo-like kinase; B postnatal day; PCNA, proliferating cell
nuclear antigen; PDS, primitive ductal structure; PKC, protein kinase C; RT-PCR, reverse-transcriptase polymerase chain reaction; TAKI, transforming growth
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the fetal liver, proliferate actively and give rise to hepa-
tocytes and cholangiocytes.>* Lineage commitment of
such cells can be traced by several cell surface markers,
including NCAM, ICAM-1, and EpCAM in
humans."” While our group® and others’ demon-
strated roles for transcription factors regulating the bil-
iary differentiation of hepatic stem/progenitor cells,
the molecular mechanisms behind these events have
yet to be fully elucidated.

The Wnt family secreted ligands and the corre-
sponding Frizzled family cell surface receptors play a
crucial role in the differentiation, proliferation, and
self-renewal of stem cells in various organs.® Wnt sig-
naling pathways involve interactions between a com-
plex set of molecular cognates that includes 19 differ-
ent Wnt ligands and 10 Frizzled (Fzd) receptors in
humans and mice (reviewed at http://www.stanford.
edu/group/nusselab/cgi-bin/wnt/). Upon binding to
Fzd receptors on the surface of a target cell, Wnt pro-
teins activate one of two classes of downstream path-
ways distinguishable by their dependency on f-catenin.
Examples of canonical f-catenin—dependent pathways
include f-catenin—dependent activation of T cell factor
by either Wntl or Wnt3.2 In contrast, Wnt4 and
Wnt5a activate noncanonical f-catenin—independent
pathways that include downstream molecules such as
calcium/calmodulin-dependent  protein  kinase I
(CaMKII), Rho-kinase, Racl, calcineurin, and protein
kinase C (PKC).?

In liver development, f-catenin is known to regulate
the maturation, expansion, and survival of hepato-
blasts, and its deletion results in increased apoptosis of
hepatoblasts in midgestational fetal livers.'® While the
function of noncanonical Wnt signaling in liver devel-
opment is currently unknown, f-catenin-independent
Wt pathways have been shown to function predomi-
nantly as regulators of cell polarity and mobility in
other organs.” In systemic Wnt5a-deficient (knockout
[KO]) mice, the size of caudal structures, lung mor-
phogenesis, and intestinal elongation are also abnor-
mal 11713

Recent reports demonstrate that Wnt5a regulates
hematopoietic, mesenchymal, and neural stem cell
functions."*'® WntSa has been shown to increase the

KIYOHASHI, KAKINUMA, ET AL. 2503

repopulation of short- and long-term hematopoietic
stem cells by maintaining these cells in a quiescent GO
state.'* Wnt5a maintains mesenchymal stem cells and
promotes osteoblastogenesis in preference to adipogen-
esis in bone marrow,"” and also improves the differen-
tiation and functional integration of stem cell-derived
dopamine neurons.'® In healthy adult mouse liver,
Wnt5a is expressed in mature hepatocytes and cholan-
giocytes.!” Nonetheless, the physiological functions of
Wnt5a and the signaling cascades that it initates dur-
ing liver development and in hepatic stem/progenitor
cells are unknown.

In this study, we investigated the function of Wnt5a
and its downstream targets in the development of mu-
rine fetal hepatic stem/progenitor cells. Analysis of
Wnt5a KO mice demonstrated that loss of Wnt5a
abnormally promotes the formation of bile ductal
structures in fetal liver 7z vivo. Wnt5a supplementation
not only retarded the formation of bile ductlike
structures, but also promoted hepatic maturation of
hepatic stem/progenitor cells in vitro. CaMKII activity,
which showed Wnt5a dependence in fetal liver, sup-
pressed the formation of bile ductlike structures.
These data indicate that Wnt5a-mediated CaMKII sig-
naling plays an essential role in the differentiation of
murine fetal hepatic stem/progenitor cells.

Materials and Methods

Animals. Systemic Wnt5a KO mice in C57BL/6
background were originally generated by Yamaguchi
et al.'! Wnt5a KO mice and wild-type (WT) littermates
were produced by crossbreeding Wnt5a heterozygous
mice. All animals were treated based on the guidelines
of the Institute of Medical Science, University of Tokyo,
and those of Tokyo Medical and Dental University.

In Vitro Bile Duct-Like Differentiation Assay of
Primary Hepatoblasts. Bile duct-like differentiation
assays were performed as described® with some modifi-
cations. Fetal hepatic cells of embryonic day (E) 14.5
liver were dissociated with collagenase, and DIk™ cells
were isolated from the resulting population using a
magnetic cell sorter (Miltenyi Biotec, Bergisch Glad-
bach, Germany) and then cultured in collagen gel

Address reprint requests to: Sei Kakinuma, M.D., Ph.D., and Mamoru Watanabe, M.D., Ph.D., Department of Gastroenterology and Hepatology, Tokyo
Medical and Dental University, 1-5-45 Yushima, Bunkyo-ku, Tokyo, 1138519 Japan. E-mail: skakinuma.gast@md.acjp (S. K) and mamoru.gast@imd.ac.jp

(M. W)); face: (81)-3-5803-0268.
Copyright © 2013 by the American Association for the Study of Liver Diseases.
View this article online at wileyonlinelibrary.com.
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(Nitta Gelatin, Osaka, Japan). After 30 minutes of
incubation at 37°C on basal layer collagen, 1 or 2 X
10* cells were suspended in 1 mL Dulbecco’s modified
Eagle’s medium (DMEM)/F12 mixed with 1 mL col-
lagen gel solution and plated onto basal layer collagen
in six-well culture dishes. Plated cells were cultured for
7 days with an additional 2 mL DMEM supplemented
with 10% fetal calf serum (FCS) (Sigma, St. Louis,
MO), 1x insulin/transferrin/selenium, 20 ng/mL epi-
dermal growth factor (EGE PeproTech, Rocky Hill,
NJ), 20 ng/mL hepatocyte growth factor (HGE, Pepro-
Tech), and 25 ng/mL tumor necrosis factor o
(PeproTech).

In Vitro Bile Duct-Like Differentiation Assay of
Hepatic Progenitor Cell Line. The HPPL liver pro-
genitor cell line has been reported to exhibit character-
istics of differentiated cholangiocytes in three-dimen-
sional culture.’®'” As in the previous report, we
maintained HPPL cells in DMEM/F12 containing
10% FCS, 1x insulin/transferrin/selenium, 10 mM
nicotinamide, 1077 M Dex, and 5 ng/mL HGF and
EGF and suspended cells in a mixture of type I col-
lagen and Engelbreth-Holm-Swarm (EHS) sarcoma
gel (Becton Dickinson, Bedford, MA) at a density
of 4 x 10* cells/mL. Cell suspension was added to
each cell culture insert (Millipore, Billerica, MA)
and after incubation at 37°C for 2 hours, 500 uL
of DMEM/F12 with growth factors was added
above and below the insert, and the cells were cul-
tured for 7 days. To test the effects of inhibitors of
CaMKII, Rho-kinase, Racl, calcineurin, and PKC
on HPPL differentiation, KIN93, KN92, KNG62, Y-
27632, NSC23766, cyclosporin A, and Go6976
(Supporting Information) were added individually to
the culture medium when each three-dimensional
culture was initiated. Independent analyses were per-
formed in triplicate, and five fields were randomly
selected for counting the cysts that indicate bile
duct-like differentiation of cells.

In Vitro Hepatic Maturation Assay of Primary
Hepatoblasts. To induce hepatic differentiation, pri-
mary hepatoblasts from WT E14.5 mice were cultured
as described.® Briefly, 2.5 x 10° magnetic cell sorter—
isolated DIk™ cells were cultured in DMEM supple-
mented with 10% FCS, 2 mM r-glutamine, 1X non-
essential amino acid, 100 U/mL penicillin, 100 pug/mL
streptomycin, and 1077 M Dex in each well of a six-
well gelatin-coated dish. After 5 days, the resulting
cells were supplemented with medium containing 20%
EHS gel for an additional 2 days prior to analysis.

Details regarding materials, cell isolation, hematoxy-
lin and eosin staining, reverse-transcriptase polymerase
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chain reaction (RT-PCR) analysis, immunostaining,
immunoblot analysis, Wnt5a-blocking experiments,
microarray analysis, and statistical analysis are
described in the Supporting Information.

Results

Expressions of Wnt5a and Frizzled Receptors
During Liver Development. We first analyzed Wnz5a
expression during liver development using quantitative
RT-PCR. Wnt5a expression was detected in fetal and
neonatal livers of WT mice and showed a gradual
increase during liver development (Fig. 1A). To inves-
tigate Wnt5a expression in midgestational fetal liver,
we purified the fractions of hepatoblasts, mesenchymal
cells, mesothelial cells, endothelial cells, and hemato-
poietic cells from E14.5 liver using FACS. Quantita-
tive RT-PCR analysis indicated that Wnt5z was
expressed in hepatoblasts, mesenchymal cells, mesothe-
lial cells, endothelial cells, and hematopoietic cells.
The expression level of Wnt5a was significantly higher
in mesenchymal cells than in hepatoblasts and other
types of cells in midgestational fetal liver (Fig. 1B).
Frizzled is a family of cell surface receptors for Wnt
ligands. Adult hepatocytes from 12-week-old mice
served as the control. RT-PCR analysis of E14.5 hepa-
toblasts resulted in the detection of 9 of 10 Fzd recep-
tors (all except Fzd9), whereas E14.5 hematopoietic
cells expressed 9 of 10 Fzd receptors (all except Fzd2)
(Fig. 1C and Supporting Fig. 1).

Loss of Wnt5a Promotes the Formation of Bile
Duct in Fetal Liver. Because one of the reported phe-
notypes of systemic Wnt5a KO mice was postpartum
death,'! we investigated the function of Wnt5a in liver
development using mid- to late gestational fetuses. We
determined that although average liver weight in
Wnt5a KO E18.5 fetal mice was significantly lower
than in WT littermates, the average liver/body weight
ratio in KO mice was not significantly different from
the ratio in WT mice (Supporting Fig. 2).

Histological analysis of E18.5 livers showed that the
number of luminal spaces around the portal vein,
which we interpret to be primitive bile ducts, was
greater in Wnt3a KO mice than in WT mice (Fig.
2A). To further investigate these changes in bile duct
development, expression of Sox9 (a representative tran-
scriptional factor expressed in biliary precursor cells)*
was analyzed. Expression levels of Sox9 were signifi-
cantly higher in Wnt5a KO E16.5 fetal livers relative
to WT livers (Fig. 2B). The Notch pathway plays an
essential role in the morphogenesis of bile duct struc-
tures.! Expression levels of Notchl, Notch2, and
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Fig. 1. Expression analyses of Wntba and Fzd receptors during liver development. (A) Quantitative RT-PCR analysis of Wnt5a in fetal and neo-
natal livers. E14, E16, E18, P7, and P14 indicate Wnt5a expression in whole livers derived from WT mice at these days of development, respec-
tively. Values represent the ratio of Wntba at each stage relative to expression of this RNA in E14.5 fetal liver following normalization of template
copy number to fB-actin. Bars represent the mean & SD of three separate experiments. (B) Quantitative RT-PCR analysis of Wntba. Lane a:
CD45 Ter1197CD71 7 DIKME" cells from E14.5 liver (hepatoblasts). Lane b: CD45 Teri19~CD71 PDGFR™ cells from E14.5 liver (mesenchymal
cells). Lane c: CD457Terl197CD717PCLP-17 cells from E14.5 liver (mesothelial cells). Lane d: CD45 Ter1197CD717Flk1™ cells from E14.5
liver (endothelial cells). Lane e: CD45Ter1197CD71™ cells from E14.5 liver (hematopoietic cells). All lanes were normalized by numbers of B-
actin copies quantified by TagMan-PCR analysis; equal numbers of copies were applied as templates. Wnt5a expression was significantly higher
in mesenchymal cells than in hepatoblasts, mesothelial cells, endothelial cells and hematopoietic cells. Bars represent the mean = SD of three
separate experiments. *P < 0.05. (C) Expression of Fzd family. Lane 1: hepatoblasts (CD45 Ter119 DIK™" cells) purified from E14.5 liver.
Lane 2: hematopoietic cells (CD457Ter119™ cells) from E14.5 liver. Lane 3: adult hepatocytes from 12-week-old mouse liver. Lane 4: negative
control (distilled water). Lane 5: samples without reverse-transcriptase reaction (negative controls for false-positive amplification of genomic
DNA). Lane 6: positive control. RT-PCR products of Fzd receptors are indicated. Images shown are representative of three separate experiments.

Jaggedl were significantly higher in Wnt5a KO E16.5
fetal livers relative to WT livers (Supporting Fig. 3A).
Numbers of Hesl1™ cells in E18.5 livers were signifi-
cantly greater in Wnt5a KO mice than in WT mice
(Supporting Fig. 3B). Expression levels of Cyclin DI
and ¢-Myc (target transcripts of canonical f-catenin—
dependent Wnt pathway) in Wnt5a KO livers were
equal to those in WT livers (Supporting Fig. 4A). We
tried to assess the protein level of Sox9; however, im-
munostaining analysis of Sox9 did not work well,
probably due to technical problems (data not shown).

During normal liver development, hepatoblasts
located around the portal vein develop as hepatocyte
nuclear factor (HNF) 18THNF4o~ biliary precursor
cells.”” In normal E16.5 fetal livers, monolayer rings
of biliary precursor cells, termed ductal plates, can be
detected.”® WT E18.5 fetal livers contained primitive
ductal structures (PDSs) consisting of multple
HNF187" cytokeratin (CK)19"-cell lumina (Fig. 2C).

Immunohistological analysis revealed that numbers
of HNF18"HNF4o~ biliary precursor cells in E16.5
livers (Fig. 2D) and in PDSs formed by these cells in
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Fig. 2. Loss of Wntba excessively promotes the formation of bile
duct in fetal liver. (A) Representative images depicting luminal spaces
around the portal vein (PV) in E18.5 Wntba KO and littermate WT livers
stained with hematoxylin and eosin. (B) Quantitative RT-PCR analysis of
the cholangiocyte marker Sox9 is depicted as the ratio of Sox9 copy
number in E16.5 Wntba KO livers relative to WT livers (all normalized to
p-actin). Steady-state levels of Sox9 mRNA were significantly higher in
Wntba KO livers relative to WT livers. *P < 0.05. (C) Representative
images of immunostained sections from E18.5 WT livers. Left panel: double
immunostaining using CK19 (red) and entactin (green) antibodies. Right
panel: double immunostaining using HNF1/ (green) and HNF4« (red) anti-
bodies. Insets depict high-power field images of cells with positive staining
for CK19 (left panel) and HNF1/ (right panel). PV, portal vein. (D, E) Left
two panels: immunostaining of HNF1/ (green) and HNF4x (red) in E16.5
(D) and E18.5 (E) livers. Right panel (D): number of HNF1 3 HNF4x ™ cells
in 10 random fields examined in WT and Wnt5a KO livers. Right panel (E):
number of primitive ductal structures (PDSs) in 10 random fields examined
in WT and Wnt5a KO livers. PV, portal vein. (F) Left panel: immunostaining
of CK19 (red) and entactin (green) in E18.5 livers. Right panel: numbers
of PDSs in 10 random fields of WT and Wntba KO livers. Arrowheads indi-
cate PDSs. PV, portal vein. Images shown are representative of three inde-
pendent experiments. Bars in dot-plot graphs represent mean = SEM of
values shown. **P < 0.01. Scale bars: 50 pm.
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E18.5 livers (Fig. 2E) were significantly higher in
Wnt5a KO mice relative to WT mice. Double staining
of CK19 and entactin (a component of basement
membrane) confirmed that the number of PDSs
formed by CK19™ cells was also significantly higher in
E18.5 Wnt5a KO liver relative to WT liver (Fig. 2F).
These results demonstrate clearly that loss of Wnt5a
excessively promotes the formation of bile ducts in fe-
tal liver.

Expression Analysis of Fetal Livers in Wnt5a KO
Mice. Expression of genes coincident with hepatic
maturation was also analyzed in Wnt5a KO fetal livers
using quantitative RT-PCR. In E16.5 fetal livers, albu-
min (ALB) and HNF4« messenger RNA (mRNA) lev-
els were nearly equal between WT and Wnt5a KO
mice. Similarly, we observed no significant differences
between WT and WntSa KO E18.5 fetal livers with
regard to copy numbers of tyrosine aminotransferase,
carbamoyl phosphate synthetase 1 (CPS1), glucose 6-
phosphatase (G6Pase), or HNF4¢ mRNAs (Support-
ing Figs. 5A and B). These data suggest that the matu-
ration of hepatoblasts to hepatocytes is not impaired
in Wnt5a KO mice.

Proliferation of fetal liver cells in Wnt5a KO mice
was analyzed by immunoblot and immunostaining.
Immunoblot analysis revealed that proliferating cell
nuclear antigen (PCNA) production in Wnt5a KO liv-
ers was almost equal to that in WT livers (Supporting
Fig. 4B). Numbers of CK19"PCNA™ cells in E18.5
were almost equal to those in WT livers (Supporting
Fig. 4C). Changes in gene expression in Wnt5a KO
livers were analyzed using complementary DNA
microarray analysis (Supporting Fig. 5C and Support-
ing Table 5). Cluster analysis revealed that several mol-
ecules associated with amino acid metabolism and cell
migration were up-regulated or down-regulated in
Wnt5a KO fetal livers compared with those in WT
livers.

Whnt5a Retards Formation of Bile Duct-Like
Structures from Primary Hepatoblasts. In collagen
gel-embedding culture, mouse primary hepatoblasts dif-
ferentiate into bile ductlike branching structures, coin-
cident with the expression of biliary cell-specific genes
such as CK19 (Fig. 3A, left panel).6 To investigate the
effects of Wnt5a on differentiation of hepatoblasts into
biliary cells 7z vitro, we cultured primary hepatoblasts
derived from E14.5 WT fetal livers and assessed the
formation of bile duct-like branching structures.

We observed that cells in cultures derived from
E14.5 WT fetal liver formed approximately 10 colonies
(consisting of >100 cells in large branching structures)
per 1 x 10* cells (Fig. 3A, right panel); colonies with
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Fig. 3. Wntba suppresses formation of bile duct-like structures derived from hepatic stem/progenitor cells. (A) Bile duct-like branching structures
derived from primary hepatoblasts. Left panel: representative view of bile duct-like branching structures consisting of >100 cells derived from pri-
mary hepatoblasts. Colonies were immunostained with CK19 (green) and counterstained with 4’,6-diamidino-2-phenylindole (DAPI) (blue). Scale
bar: 100 um. Right panel: numbers of colonies demonstrating branching structures in cultures supplemented with 100 ng/mL Wntba or vehicle
only. Numbers of small (consisting of 10-49 cells), medium-sized (50-99 cells), and large (>100 cells) branching structures per one well were
counted. *P < 0.05. (B) Numbers of bile duct-like cysts derived from the hepatic stem/progenitor cell line (HPPL) in five random fields per well in
cultures supplemented with 100 ng/mL Wnt5a, 100 ng/mL Wnt3a, or vehicle only (left panel). There were significantly fewer small cysts (50-100
wm diameter with clear lumina) and large cysts (diameter >100 pm with clear lumina) in cultures supplemented with Wntba relative to vehicle
only. Right panel: representative views of cysts in HPPL three-dimensional cultures supplemented with either vehicle, Wnt3a or Wnt5a. Scale bars:
50 um. *P < 0.05. (C) Numbers of bile duct-like cysts derived from HPPL in five random fields per well in cultures supplemented with either con-
trol immunoglobulin G, anti-Wnt5a Ab, or both anti-Wntba Ab plus recombinant Wntba protein. Cultures treated with anti-Wntba Ab resulted in a sig-
nificant increase in total numbers of bile duct-like cysts derived from HPPL, and blocked the effect of Wnt5a supplementation. *P < 0.05. **P <
0.01. (D) Immunoblot analysis of CK19, ALB, AFR and PCNA in HPPL-derived cysts treated with Wntba. CK19 production in HPPL-derived cysts
treated with Wntba was down-regulated relative to that with vehicle-supplemented controls, whereas protein levels of ALB, AFP, and PCNA did not
change. Lanes 1-3 and lanes 4-6 are vehicle-supplemented controls and Wnt5a-supplemented HPPL-derived cysts, respectively. (E) Expression anal-
ysis of HPPL-derived cysts treated with Wnt5a. Expression levels of HNF15, MRP3, and Notchl in HPPL-derived cysts in medium supplemented with
Wntba were significantly lower than those in HPPL-derived cysts in medium supplemented with vehicle, indicating that Wntba retarded biliary matu-
ration of HPPL cysts. Results represent the mean = SD of three separate experiments. *P < 0.05. **P < 0.01.
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medium (50-99 cells) or small (10-49 cells) branching
structures also were noted. In cultures supplemented
with Wnt5a, there were significant decreases in the aver-
age number colonies with large- and medium-sized
branching structures relative to vehicle-only controls.
Whnt5a Suppresses Cyst Formation Derived from
HPPL in Three-Dimensional Culture. To assess the
potential of hepatic stem/progenitor cells for bile duct—
like luminal formation, we used an HPPL three-dimen-
sional culture system.'”” HPPL is established from
mouse E14 DIk hepatoblasts and differentiates into
hepatic and cholangiocytic lineages."® In this system,
HPPL cells form cysts that exhibit characteristics of dif-
ferentiated cholangiocytes producing CK19, E-cadherin,
and other characteristic markers. We categorized HPPL-
derived colonies into one of three classes: colonies with-
out clear lumina, small cysts (50-100 um diameter with
clear lumina), and large cysts (>100 pm diameter with

% Control EHS Wnt5a Hc
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EHS gel + Wnt5a

Fig. 4. Expression of hepatic
maturation markers under culture
supplemented with Wntba. (A)
Phase contrast images of cultured
primary hepatoblasts induced to
mature to hepatocytes with EHS gel
alone or EHS gel plus 100 ng/mL
Wntba. (B) Expression levels of ty-
rosine amino transferase (TAT),
CPS1,  tryptophan-2,3-oxygenase
(TO), G6Pase, and HNF4« are
depicted as the ratio of copy
mRNA number in cells treated with
EHS gel alone or EHS gel plus 100
ng/mL Wntba for 7 days relative to
control cells. Hc, primary adult
hepatocytes from 12-week-old mice
(positive control). All samples were
normalized by numbers of fS-actin
copies quantified by TagMan-PCR
analysis; equal numbers of copies
were applied as templates. Results
represent the mean = SD of three
independent experiments. *P <
0.05.

+EHS

clear lumina). As described, immuno-cytostaining of
cultured cells showed that colonies without clear lumina
produced both the hepatic marker ALB and the biliary
marker CK19, suggesting incomplete terminal differen-
dation. Cells in the luminal walls of small and large
cysts, in contrast, produced CK19 but not ALB, indi-
cating their differentiation to a cholangiocyte lineage
(Supporting Fig. 6). Vehicle-only controls or cultures
treated with Wnt3a did not show a significant differ-
ence in overall number of cysts. In contrast, cultures
supplemented with Wnt5a displayed significantly fewer
cysts, due both to an absence of large cysts and a signif-
icantly reduced number of small cysts (Fig. 3B). Wnt5a
is expressed in HPPL cells (Supporting Fig. 7A). We
verified the specificity of effect of Wnt5a by blocking
experiments. Cultures supplemented with anti-Wnt5a
antibody (Ab) resulted in a significant increase in num-
bers of HPPL-derived cysts relative to control Ab, and
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Fig. 5. Inhibitors of CaMKIl increased the number and size of bile
duct-like cysts derived from HPPL. (A) Inhibitors specific for CaMKIl
activity (KN62 and KN 93) were added at the beginning of HPPL
three-dimensional culture. Numbers of total cysts, small cysts, and
large cysts increased significantly in medium supplemented with KN62
or KN93. Cultures treated with dimethyl sulfoxide (DMSO) alone (vehi-
cle) or KN92 (an inactive analogue of KN93) served as negative con-
trols for KN62 (vehicle) and KN93, respectively. *P < 0.01. **P <
0.05. (B) Representative DAPI-stained (blue, left panels) or phase
contrast confocal microscopy images (right panels) of bile duct-like
cysts. Scale bars: 100 pum. (C) Numbers of total cysts were not
changed by the inhibitors of Rho kinase (Y-27632), Racl
(NSC23766), calcineurin (cyclosporin A [CyA]), or PKC (Go6976). Ve-
hicle-only treatments (distilled water or DMSO) served as negative
controls for Y-27632 (in distilled water), NSC23766 (in distilled
water), CyA (in DMSO), and Go6976 (in DMSO). (D) Expression of
MRP3 in HPPL cysts. MRP3 expression was significantly increased in
medium supplemented with CaMKIl inhibitor (KN62), suggesting that
CaMKIl inhibitor promoted biliary maturation of HPPL cysts. ***P <
0.01. (E) Immunoblot analysis of CK19, AFP and PCNA in HPPL-
derived cysts treated with vehicle (DMSO) or CaMKIl inhibitor (KN62).
The level of AFP in HPPL-derived cysts treated with CaMKIl inhibitor
was lower than that in vehicle-supplemented controls, whereas the lev-
els of CK19 and PCNA did not change. Results represent the mean =
SD of three independent experiments.
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blocked the effects of Wnt5a supplementation (Fig.
3C). Numbers of HPPL-derived cysts were higher in
cultures supplemented with Wnt5a-specific inhibitor rel-
ative to vehicle-only controls (Supporting Fig. 7B).

Immunoblot analysis indicated that CK19 produc-
tion in HPPL-derived colonies were significantly
down-regulated in cultured cells supplemented with
Wnt5a relative to vehicle-supplemented controls,
whereas the levels of ALB, o-fetoprotein (AFP), and
PCNA did not change (Fig. 3D). Expression analysis
of HPPL-derived colonies revealed that HNFI1p,
Notchl, and multidrug resistance—associated protein 3
(MRP3, a key primary active transporter in biliary
cells) were significantly down-regulated in cultured
cells supplemented with Wnt5a relative to vehicle-sup-
plemented controls (Fig. 3E). HNF1f and Sox9 were
significantly up-regulated in cultured cells supple-
mented with anti-Wnt5a Ab relative to control Ab
(Supporting Fig. 7C), whereas the levels of hepatocytic
markers did not change (Supporting Fig. 7D). Consist-
ent with our 7z vivo results, these data indicate that
Wnt5a suppresses bile duct—like cyst formation of fetal
hepatic progenitor cells 7z vitro.

Whnt5a Induces the Expression of Hepatic Matura-
tion Markers in Primary Hepatoblasts In Vitro. We
evaluated the potential of primary hepatoblasts for he-
patic maturation using an iz vitro hepatic differentiation
assay.>* Phase-contrast microscopy after addition of
EHS gel identified several morphological changes within
cells, including formation of highly condensed cytosol,
and clear, round nuclei typical to mature hepatocytes
(Fig. 4A, middle panel). Because similar gross morpho-
logical changes were also seen in cells cultured in the
presence of WntSa (right panel), we used quantitative
RT-PCR to measure the effect of Wnt5a on expression
of hepatic maturation marker genes in stem/progenitor
cells. Expression of tyrosine aminotransferase and CPS1
in cultured cells increased significantly with supplemen-
tal Wnt5a (Fig. 4B), whereas changes in tryptophan-
2,3-dioxygenase, GOPase, and HNF40 mRNA levels
were not significantly different. These results indicate
that Wnt5a contributes, in part, to primary hepatoblast
maturation. Taken together, our iz vitro data demon-
strate that Wnt5a retards biliary differentiation and pro-
motes hepatic differentiation of hepatoblasts.

Inhibition of CaMKII Activity Promotes the For-
mation of Bile Duct-Like Cysts Derived from
HPPL. While Wnt5a is known to stimulate several sig-
naling cascades, including CaMKII, Rho-kinase, Racl,
calcineurin, and PKC, the specific cascade triggered by
Wnt5a in hepatic stem/progenitor cells is unknown. To
address this question, we analyzed the effects of specific
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Fig. 6. Phosphorylation of CaMKIl is regulated by Wntba stimula-
tion in fetal liver. (A) Immunoblot analysis of p-CaMKiIl, p-PKC, and p-
Racl in HPPL at pretreatment (0), and then 0.5, 1, 3, 6, 12, and 24
hours after stimulation by Wnt5a. Homogenate of whole E14.5 embryo
served as a positive control (PTC). Wntba treatment increased the lev-
els of both total CaMKIl and p-CaMKIl in HPPL, but did not change
the levels of p-PKC and p-Racl. (B) Representative phase-contrast
images of cysts derived from HPPL supplemented either with vehicle
(DMSO0), 100 ng/mL Wntb5a, CaMKIl inhibitor (KN62), or 100 ng/mL
Wntba plus CaMKIl inhibitor. Scale bars: 100 pm. (C) Numbers of bile
duct-like cysts derived from HPPL in five random fields per well in cul-
tures supplemented with vehicle (DMSQ), Wntba, CaMKIl inhibitor
(KN62), or Wntba plus CaMKIl inhibitor. The effect of Wnt5a on HPPL
cysts was cancelled by KN62 treatment. *P < 0.05. (D) Immunoblot
analysis of p-CaMKIl in E16.5 WT and Wnt5a KO livers demonstrating
a decrease in p-CaMKIl level in Wntba KO livers. Mice 1-5 and mice
6-10 are E16.5 WT and Wniba KOs, respectively. Results are repre-
sented as mean £ SD of three individual experiments.

inhibitors of these candidate molecules in HPPL-derived
cysts, where Wnt5a is expressed (Supporting Fig. 7A).
Relative to controls, inhibitors specific to CaMKII
(KN93 and KN62) resulted in a significant increase in
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numbers of both small and large bile duct-like cysts
derived from HPPL (Figs. 5A and B). In contrast, other
inhibitors, including Y-27632 (Rho-kinase inhibitor),
NSC23766 (Racl inhibitor), cyclosporin A (calcineurin
inhibitor), and Go6976 (PKC inhibitor), had no effect
on the number or size of HPPL-derived cysts (Fig. 5C).
We examined the expression of biliary markers in
HPPL-derived cysts treated with CaMKII inhibitor
(KNG2). Expression of MRP3, a key primary active
transporter in biliary cells, in HPPL-derived cysts
increased significantly with supplemental CaMKII in-
hibitor (Fig. 5D). There were no significant differences
in mRNA levels of ALB, HNF4¢, and pf-catenin—
related molecules between HPPL-derived cysts treated
with CaMKII inhibitor and those treated with vehicle
(Supporting Fig. 8). The protein level of AFP in
HPPL-derived cysts treated with CaMKII inhibitor was
lower than that in vehicle-supplemented controls,
whereas the levels of CK19 and PCNA did not change
(Fig. 5E). These data indicate that CaMKII activity
suppresses the formation of HPPL-derived cysts,
whereas activities of other Wnt5a-mediated candidates
did not influence the efficacy of cyst formation.
Phosphorylation of CaMKII in Primary Hepato-
blasts. To investigate the activation state of CaMKII in
fetal and neonatal WT livers, we used immunoblots of
liver homogenates derived from E14.5, E16.5, and
E18.5 and postnatal day (P) 1, P7, and P14 mice to
measure CaMKII phosphorylation levels.

4———@ Loss of Wnt5a

Mesenchymal cells
{& other types of cells)
CaMKIl
acvitation

around portal vein

Biliary celis

Hepatoblasts
{Peri-portal region)

CaMKll
acvitation,

Extracellular ......2
Matrices

Biliary Cells

Abnormal formation of bile ductal

Normal development
r P structures in Wnt5a deficient liver

Fig. 7. Schema for the biliary differentiation of hepatoblasts in
Wntba KO liver. Wntba is expressed in mesenchymal cells and other
types of cells in midgestational fetal liver, and increases the level of
CaMKIl activation in hepatoblasts. The microenvironment around the
portal vein, which consists of mesenchymal cells, other types of cells,
and extracellular matrices, regulates appropriate differentiation of hep-
atoblasts into biliary cells, whereas loss of Wnt5a in such microenvir-
onment leads to down-regulation of CaMKIl activation in hepatoblasts
and abnormally increased formation of bile ducts.
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Phosphorylation at threonine-286, specifically, has been
reported to maintain CaMKII in an active state.”> Phos-
phorylation of PKC, a kinase that did not affect cyst
formation in HPPL cells, was also examined. Whereas
we detected both phosphorylated CaMKII (p-CaMKII)
and PKC (p-PKC) in each fetal and neonatal liver ho-
mogenate, levels of phosphorylated CaMKII increased
gradually over time (Supporting Fig. 9A, top panel),
similar to the pattern of Wnt5a expression during liver
development (Fig. 1A). In contrast, developmental
changes in the steady-state levels and phosphorylation
of PKC in these samples (Supporting Fig. 9A, lower
panels) did not correspond to WntSa expression
patterns.

Using immunostaining of FACS-purified primary
hepatoblasts with anti p-CaMKII Ab, we detected p-
CaMKII in >90% of FACS-purified primary hepato-
blasts (Supporting Fig. 9B, upper panels); p-PKC was
also detected with anti p-PKC antibodies in these cells
(Supporting Fig. 9B, lower panels). These data demon-
strate that both CaMKII and PKC are in an active
state in primary hepatoblasts.

Wht5a Regulates the Phosphorylation of CaMKII
in Fetal Liver. To verify whether CaMKII activation is
controlled by Wnt5a, levels of p-CaMKII in HPPL
grown in the absence or presence of Wnt5a were exam-
ined. Immunoblot analysis revealed that Wnt5a stimula-
tion increased the level of phosphorylated CaMKII,
with p-CaMKII levels peaking 3 hours after Wnt5a
supplementation and then decreasing to baseline levels
after 12 hours (Fig. 6A and Supporting Fig. 10A). Simi-
lar to a previous report,’” total CaMKII protein levels
in HPPL also increased after CaMKII activation. Ratios
of p-CaMKII/CaMKII also increased, peaking 3 hours
after Wnt5a supplementation (Supporting Fig. 10B). In
contrast, Wnt5a had no effect on p-PKC and p-Racl
levels in HPPL (Supporting Figs. 10C and D) nor on
nuclear translocation of NFAT (representative down-
stream molecule of calcineurin; data not shown).

We also tested the combined effect of Wnt5a plus a
CaMKII inhibitor (KN62) on cyst formation in HPPL-
derived cells. The number and size of cysts in HPPL-
derived cells decreased with Wnt5a alone, and increased
with CaMKII inhibitor alone. When used in combina-
tion (HPPL treated with both CaMKII inhibitor plus
Wnt5a), the number and size of cysts was similar to
CaMKII inhibitor alone, and significantly higher than
cells treated with Wnt5a alone (Figs. 6B and C).

We also used immunoblots to compare p-CaMKII
levels in WT and Wnt5a KO fetal liver homogenates.
Levels of p-CaMKII were significantly lower in Wnt5a
KO relative to WT fetal livers (Fig. 6D); quantifica-
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tion using densitometry revealed that p-CaMKII levels
in Wnt5a KO livers were also significantly lower than
those in littermate WT livers (Supporting Fig. 10E),
indicating that Wnt5a mediates an increase in CaM-
KII phosphorylation in fetal liver.

Discussion

This study provides the first evidence of a physiologi-
cal role for Wnt5a in liver development, in that Wnt5a
was observed to suppress the formation of bile ducts
derived from hepatoblasts. Our data showed increased
expression of Sox9, Notchl, Notch2, and Jaggedl in
WntSa KO livers (Fig. 2B and Supporting Fig. 3A), as
well as abnormally increased formation of primitive
ductal structures (Figs. 2E and F). In Wnt5a KO livers,
the numbers of HNF1B"HNF4a~ biliary precursor
cells and primitive ductal structures were increased
around the portal vein only (zone 1), whereas such cells
were not observed in zone 2 or 3 (Figs. 2D-F). At
E14.5, HNF1S HNF4a ™~ biliary precursor cells were
not detected in Wnt5a KO livers similar to WT livers
(Supporting Fig. 11A). These results suggested that line-
age commitment of hepatoblasts into biliary cells is
determined by the microenvironment around the portal
vein, depending on the presence or absence of Wnt5a
protein. The lungs and intestine of systemic Wnt5a KO
mice were abnormal, while tissue structures of the pan-
creas and kidneys were almost normal (Supporting Fig.
12). Immunostaining analysis showed that p7SNTR™
cells were detected in E18.5 Wnt5a KO livers, similar
to WT livers (Supporting Fig. 11B). These results
implied that development of mesenchymal cells in
E18.5 Wnt5a KO livers is not impaired compared with
that in littermate WT livers. Wnt5a expression was sig-
nificantly higher in mesenchymal cells than in hepato-
blasts or other types of cells in midgestational WT fetal
liver (Fig. 1B). Thus, the microenvironment around the
portal vein, which consists of mesenchymal cells, other
types of cells, and extracellular matrices, regulates appro-
priate cell fate decision of hepatoblasts, whereas loss of
Wnt5a in such developmental niche leads to abnormally
increased formation of primitive ductal structures (Fig.
7). Further investigation of this hypothesis will require
conditional deletion of Wnt5a-downstream molecules in
hepatoblasts at late gestational fetal stages.

Maturation of hepatoblasts to a hepatocyte lineage
is regulated by several factors, including oncostatin M,
HGE and extracellular matrices.** Our data showed
that hepatic maturation of primary hepatic stem/pro-
genitor cells was promoted in cultures supplemented
with Wnt5a (Figs. 4A and B). On the other hand, no
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significant changes in hepatocyte marker expression
were detected in Wnt5a KO relative to WT livers. It
may be that there is functional redundancy among dif-
ferent Wnt family ligands iz vivo, since several nonca-
nonical-signaling Wnt ligands (Wnt4, Wnt5a, and
Whntl1) are expressed in normal fetal liver.?® In sup-
port of the hypothesis that other noncanonical Wnt
ligands may compensate for Wnt5a, Supporting Fig.
13A shows that Wnt4 expression levels in liver increase
significantly in WntSa KO versus WT littermates.
These data strongly support our hypothesis that the
effect of Wnt5a on hepatic maturation is compensated
by other noncanonical Wnt ligands, such as Wnt4.

CaMKII, a serine/threonine protein kinase present
in essentially every tssue, regulates important
functions including modulation of ion channel activity,
cellular transport, and cell morphology in neural tis-
sues.”” A Wnt5a-CaMKII pathway has been reported
to induce osteoblastogenesis by attenuating adipogene-
sis in mesenchymal bone marrow stem cells.'” Our
results show that in liver, inhibition of CaMKII
activity promoted bile duct-like cyst formation (Figs.
5A and B), and that phosphorylation of CaMKII is
dependent on WntSa stimulation (Fig. 6). Although
these results provide strong support for our hypothesis
that WntSa stimulates CaMKII in hepatoblasts, we
have not identified which molecules function down-
stream of CaMKIIL

CaMKII has been reported to activate the trans-
forming growth factor f-activated kinase 1 (TAKI)-
Nemo-like kinase (NLK) pathway, and that resulting
phosphorylation of T cell factor inhibits f-catenin—de-
pendent transcription.”® On the other hand, CaMKII-
TAKI-NLK signaling induces bone marrow mesenchy-
mal stem cells to undergo osteoblastogenesis depending
on specific downstream signaling cascades.'””> Our
expression analysis showed that expression levels of
Cyclin DI and c-Myc (the direct target molecules of B-
catenin activation) did not change in Wnt5a KO mice
in vivo (Supporting Fig. 4) nor in HPPL-derived cysts
treated with CaMKII inhibitor iz vizro (Supporting
Fig. 8), compared with the respective control samples.
Preliminary data (not shown) demonstrated that the
levels of TAK1 mRNA and protein during develop-
ment did not correlate with those of Wnt5a and p-
CaMKII in whole liver lysates. Moreover, Wnt5a stim-
ulation did not increase the level of activated f-catenin
in HPPL (Supporting Figs. 13B and C). These results
suggest that the Wnt5a-CaMKII pathway does not
activate f-catenin in hepatoblasts. On the other hand,
Wnt5a stimulation increased the level of stabilized p53
(phosphorylated at Serl5) in HPPL (Supporting Figs.
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13B and D), suggesting that stabilization of p53 is
associated with Wnt5a-CaMKII signaling. Further
study will be needed to clarify this issue.

Recent studies have shown pathological roles for
Wnt5a in various organs; addition of recombinant
Wnt5a significantly reduced the migratory capacity of
colorectal cancer cell line.”” Whereas increased Wnt5a
expression correlates with advanced stages of gastric
cancer with poor prognosis,”® there is no definitive
data about Wnt5a in the progression of hepatocellular
carcinomas. In this study, we reveal one function of
Wnt5a in fetal liver in the suppression the biliary dif-
ferentiation of hepatic stem/progenitor cells. To clarify
the pathological role of Wnt5a in liver disease, induci-
ble systemic Wnt5a KO mice or liver-specific CaMKII
KO mice would be needed in future studies. Any
future evidence demonstrating a role for Wnt5a in
adult hepatic stem/progenitor cells and cancer stem
cells may lead to studies of Wnt5a signaling as a thera-
peutic target against abnormal bile ductal formation in
the liver or cholangiocellular carcinoma.
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SUMMARY. Hepatitis C virus (HCV) subtype 1b, which infects
approximately 70% of Japanese carriers, is likely to be more
eradicable by a telaprevir regimen than subtype 1a because
of the higher genetic barrier of Val®® and Arg!'>> substitu-
tions. The aims of this exploratory study were to evaluate the
virological response and safety of 24-week oral administra-
tion of telaprevir alone in chronic HCV subtype 1b infection.
Fifteen treatment-naive patients were treated with telaprevir
750 mg every 8 h for 24 weeks. All patients were Japanese
whose median age was 58.0 years (range: 45-68), and six
patients (40%) were men. Median baseline HCV RNA level
was 6.80 log;o IU/mL (range: 3.55-7.10). The HCV RNA
levels decreased to undetectable in five patients (33%) within
8 weeks. Three patients (20%) with negative HCV RNA by
Week 4 achieved end of treatment response. One patient

(7%) who achieved sustained virological response had a low
baseline viraemia of 3.55 log;o IU/mL. Most of the adverse
events including anaemia and skin disorders were mild to
moderate. Developed variants were T54A and A156V/T/F/Y
with or without secondary substitutions rather than
V36M * R155K. Telaprevir alone for 24 weeks in Japanese
patients with HCV subtype 1b resulted in an sustained viral
response rate of 7% (1/15) and was well tolerated for
24 weeks. These results will support the implementation of
further studies on oral combination of telaprevir with other
direct-acting antiviral agents in patients infected with HCV
subtype 1b.

Keywords: hepatitis C virus, monotherapy, subtype 1b, tela-
previr.

INTRODUCTION

The World Health Organization (WHO) estimates that
approximately 170 million people are infected with hepatitis
C virus (HCV) [1]. In Japan, it is estimated that more than
1.5 million people are chronically infected with hepatitis C.

Telaprevir is a novel peptidemimetic HCV NS3-4A prote-
ase inhibitor. The mechanism of inhibition involves the
formation of a stable, reversible, covalent bond between the
ketocarbonyl of telaprevir and the active site serine of NS3

Abbreviations: AE, adverse event; ALT, alanine aminotransferase;
AST, aspartate aminotransferase; DAA, direct-acting antiviral
agent; EU, European Union; HCV, Hepatitis C virus; LDL, low-density
lipoprotein; LOQ, lower limit of quantification; PEG-IFN, pegylated
interferon; RBV, ribavirin; SVR, sustained viral response; T-bil, total
bilirubin.
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protease. Recently, telaprevir was approved for patients with
HCV genotype 1 infection in the United States (US), Canada,
European Union (EU) and Japan. The Phase 3 studies
showed that patients who received telaprevir in combination
with pegylated interferon (PEG-IFN) and ribavirin (RBV)
achieved significantly higher rates of sustained viral
response (SVR) compared to those who received PEG-IFN
and RBV alone, regardless of their prior treatment experi-
ence [2—4]. The Japanese Phase 3 studies of the telaprevir-
based triple regimen also showed high SVR rates [5,6]. The
most common side effects in the telaprevir-based triple
regimen were anaemia, rash and IFN-induced systemic
symptoms.

The epidemiology of HCV in Japan takes on a different
aspect from US and EU; that is, the majority of patients are
aged more than 55 years [7]. Accordingly, the RBV dose
reduction rate and the frequency of discontinuation of tela-
previr treatment in Japan are higher than those in US and
EU [2-6]. Taking such problems with telaprevir in combi-
nation with PEG-IFN and RBV into consideration, IFN-free
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regimens may become very useful options and satisfy
important unmet medical needs especially for intolerant
patients with IFN-based regimens. Clinical trials of IFN-free
therapy for patients with chronic hepatitis C would provide
us with meaningful knowledge for the future development of
HCV therapy. Interestingly, HCV subtype 1b, which infects
approximately 70% of Japanese HCV carriers [8], is likely to
be more eradicable by telaprevir regimens than subtype 1la
because of the higher genetic barrier of Val*® and Arg®®
substitutions [9,10]. When treating with direct-acting
antiviral agent (DAA), HCV subtypes of genotype 1 are now
an important factor that affects treatment response. The
main aim of this exploratory study is to evaluate the viro-
logical response and safety of telaprevir as monotherapy for
24 weeks in Japanese patients infected with HCV subtype 1b.

PATIENTS AND METHODS

Study design and organization

This Phase 2, single-arm, open-label study was conducted
from January 2008 to February 2009 at Sapporo Kosei
General Hospital, Musashino Red Cross Hospital, Torano-
mon Hospital and Hiroshima University Hospital. The study
was conducted in accordance with the Declaration of
Helsinki and Good Clinical Practices. Before starting the
study, the protocol and informed consent forms were
reviewed and approved by the institutional review board in
each site. All patients provided written informed consent
following sufficient explanation before participating in the

study. All the patients received 750 mg telaprevir orally
every 8 h (q8h) (2250 mg/day) after a meal for 24 weeks.
Telaprevir was given as a 250-mg tablet. This study is reg-
istered in ClinicalTrials.gov NCT 00621296.

Patients

Participants enrolled in this study were treatment-naive,
male or female chronic hepatitis C patients with the char-
acteristics shown in Table 1 who met the inclusion criteria
and did not conflict the exclusion criteria described previ-
ously [11], except the age and HCV RNA levels at the time of
enrolment; age from 20 to 70 years and HCV RNA levels
were not defined.

Virological responses

Virological response to telaprevir was evaluated based on
the HCV RNA Kkinetics in patients. Serum HCV RNA levels
were measured using the COBAS TagMan HCV test (Roche
Diagnostics Co., Ltd., Tokyo, Japan). The linear dynamic
range was 1.2-7.8 logio IU/mL. A qualitative result below
the lower limit of quantification (LOQ) was also deter-
mined as positive (1.0) and negative (0.5). Measurements
were obtained on Week 4 before the first dose, Days 1
(prior to the first dosing) and 3, Weeks 1, 2, 4, 6, 8, 10,
12, 14, 16, 18, 20, 22, and 24 of the treatment period,
and Weeks 2, 4, 8, 12, 16, 20, and 24 of the follow-up
period. Day 1 was defined as the date of starting telaprevir
treatment.

Table 1 Patient characteristics, treatment duration and viral response

Baseline
BMI HCV RNA Treatment HCV RNA Nadir Virological
Sex Age (kg/m?) (logyo TU/mL) duration (day) (log1o IU/mL) response

1 M 67 25.2 5.85 169 (complete) Undetectable Relapse

2 M 59 24.5 3.55 169 (complete) Undetectable SVR

3 F 45 18.7 6.80 44* 2.8 Breakthrough

4 F 68 20.9 7.05 43t <1.2 detectable Partial responder

5 F 48 21.5 6.45 169 (complete) Undetectable Breakthrough

6 F 57 20.9 4.75 43* 1.8 Breakthrough

7 F 51 19.9 5.95 170 (complete) Undetectable Partial responder

8 F 58 19.2 6.85 105* 1.5 Breakthrough

9 M 62 20.4 6.25 141 1.4 Partial responder
10 M 58 24.5 7.10 39* 3.1 Breakthrough
11 M 63 16.2 7.00 74* <1.2 detectable Breakthrough
12 F 53 25.0 7.10 169 (complete) Undetectable Relapse
13 F 60 19.7 5.00 10% <1.2 detectable Breakthrough
14 F 55 23.8 6.95 78* <1.2 detectable Breakthrough
15 M 50 27.5 6.90 26+ 1.3 Partial responder

HCV, Hepatitis C virus; SVR, sustained viral response. Subjects discontinued telaprevir because of *viral breakthrough, TAE and

tother reasons.

=713 -

© 2012 Blackwell Publishing Ltd



Sustained viral response was defined as an undetectable
HCV RNA level at 24 weeks after the end of treatment. Re-
lapse was defined as the reappearance of serum HCV RNA
during the follow-up period from the state of undetectable
serum HCV RNA at the end of treatment. Breakthrough was
defined as the state when the viral level increased by 2
log1o IU/mL from nadir or a level of more than 3 log;q IU/
mL after reaching undetectable levels during treatment.
Partial responders were subjects whose HCV RNA level
dropped by at least 2 log;o IU/mL during treatment but was
still detected at the end of treatment.

Sequence analysis at HCV NS3 protease domain

HCV RNA was isolated from serum samples collected on the
same day for the measurement of HCV RNA levels. A DNA
fragment of 543 bases long (181 amino acids) from the NS3
protease domain was amplified by nested RT-PCR and
cloned. At least 39 clones per specimen were sequenced bi-
directionally. The limit of detection for the sequencing
analysis was 3.0 log;o IU/mL.

Safety assessments

Safety of telaprevir was assessed by clinical laboratory tests,
vital signs, abdominal ultrasonography and AEs. Twelve-
lead electrocardiogram (ECG) examinations were performed
once during the screening period. These safety parameters
were reported at regular intervals from 4 weeks before the
first dosing to the end of the follow-up period.

Statistical analysis

Statistical analyses were performed using the statistical
software SAS Version 9.1.3 (SAS Institute Inc., Cary, NC,
USA). Reported AEs were classified according to MedDRA/]
version 12.0 (MedDRA Japanese Maintenance Organization,
Tokyo, Japan).
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RESULTS

Baseline characteristics

Fifteen treatment-naive patients infected with HCV subtype
1b were enrolled in this study. Baseline characteristics of
patients are shown in Table 1. All patients were Japanese
whose median age was 58.0 years (range: 45-68); 6
(40.0%) patients were men. Patients over 54 years of age
accounted for 66.7% (10 of 15). Median baseline HCV RNA
level was 6.80 log1o [U/mL (range: 3.55-7.10). The median
BMI was 20.9 kg/m? (range: 16.2-27.5).

Virological response

Telaprevir alone caused a rapid decrease in HCV RNA levels
after the initiation of treatment in all patients. The average
changes were —3.24 log;o IU/mL on Day 3 and —4.24
logqo IU/mL on Week 1 (Fig. 1). The average of maximum
reduction in each patient was 5.01 log;o IU/mL. The HCV
RNA levels became undetectable in 1, 3, 3 and 5 patients at
Weeks 1, 4, 6 and 8, respectively. Three patients with neg-
ative HCV RNA after 4 weeks achieved end of treatment
response (ETR), of whom one patient achieved a SVR. The
patient who achieved SVR had the lowest baseline viral load
(3.55 log10 IU/mL) among all the patients.

Ten of 15 patients discontinued the telaprevir treatment
because of the following reasons: six patients because of viral
breakthrough, two patients because of AEs, one patient
because of own drug discontinuation and one patient who
met the exclusion criteria after administration.

Safety

AEs observed in two or more patients in this study are
shown in Table 2. During the study, 14 of 15 patients
experienced 80 AEs in total and 62 events were judged as
adverse drug reactions. The common AEs that occurred in
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Fig. 1 HCV RNA kinetics during and after treatment with telaprevir monotherapy.
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