538

HEPATOLOGY, Vol. 57, No. 1, 2013

that STING could associate with Cardif by MAM inter-
action. Castanier et al.*! reported thar Cardif-STING
interaction was enhanced in cells with elongated mito-
chondria. In addition, Horner et al.*** 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 berween 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 immuniry.

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-B. In NS4B-expressing cells, IFN-o induced activa-
tion of STAT1 was supprqss‘ed.49 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
- induétion 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-§ expression.’” Consistent with these
results, N-terminally truncated NS4B (NS4Bt1-84)
significantly suppressed STING and Cardif-induced
IFN-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 HI
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 analo

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- 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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Wnt5a 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 Yoshmo 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.
Wt 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-
Iyzed 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)1B8"HNF4a~ biliary precursor cells were significantly higher in Wnt5a-
deficient liver relative to WT liver. In WntSa-deficient fetal liver, iz 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. I 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 in vitro compared with those in vehicle-supplemented controls. Conclusion:
Wnt5a-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. (HepaToLOGY 2013557:2502-2513)

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
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the fetal liver, proliferate actively and give rise to hepa-
tocytes and cholangiocytes.>*
such cells can be traced by several cell surface markers,
mcludmg 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 What family secreted ligands and the corre-
sponding Frizzled family cell surface receptors play a
crucial role in ‘the differentation, 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 War ligands and 10 Frizzled (Fzd) receptors in
humans and mice (reviewed at hitp://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 B-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 p-catenin—independent
pathways that include downstream molecules such as
calcium/calmodulin-dependent  protein  kinase II
(CaMKII), Rho-kinase, Racl, calcineurin, and protein
kinase C (PKC).

In liver development, B-catenin is known to regulate
the maruration, 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 currentdy unknown, f-catenin—independent
Whnt pathways have been shown to function predomi-
nantly as rcgulators of cell polarity and mobility in
other organs. ? In systemic Wnt5a-deficient (knockout
[KOJ]) mice, the size of caudal structures, lung mor-
phogcinlems and intestinal elonganon are also abnor-

mal. 1113 )

Recent reports demonstrate that Wnt3a regulates
hematopoietic, mesenchymal, and neural stem cell
functions.’**® Wni5a has been shown to increase the

Lineage commitment of
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repopulation of short- and long-term hemaropoietic
stem cells by maintaining these cells in a quiescent GO’
state.'® Wnt5a maintains mesenchymal stem cells and
promotes osteoblastogcnems in preference to adipogen-
esis in bone marrow,"> and also i improves the differen-
tiation and funcnonal integration of stem cell-derived
dopamine neurons.’® In healthy adult mouse liver,
What5a is expressed in mature hepatocytes and cholan-
giocytes.'” Nonetheless, the physiological functions of
Wnt5a and the signaling cascades that it initiates dur-
ing liver development and in hepatic stem/progenitor
cells are unknown.

In this study, we investigated the function of Wnt3a
and its downstream targets in the development of mu-
rine feral hepatic stem/progenitor cells. Analysis of
Wnt5a KO mice demonstrated that loss of Wnt5a
abnormally promotes the formatdon of bile ductal
structures in fetal liver in vive. Wnt5a supplementation
not only retarded the formation of bile ductlike
structures, but also promoted hepatic maturation of
hepatic stem/progenitor cells iz vitro. CaMKII activity,
which showed Wnt5a dependence in feral liver, sup-
pressed the formation of bile duct-like structures.
These data indicate that Wnt5a-mediated CaMKII sig-
naling plays an essential role in the differentiation of
murine fetal hepatic stem/progenitor cells.

Mate‘rials and Methods

Animals. Systemic Wnt5a KO mice in C57BL/6
background were originally generated by Yamaguchi
et al.'! WntSa KO mice and wild-type (WT) littermates
were produced by crossbreeding Wnt3a 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 embryomc day (E) 14.5
liver were dissociated with coﬂagenase, 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

P
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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-
fagen 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 (EGF, PeproTech, Rocky Hill,
NJ), 20 ng/mL hepatocyte growth factor (HGE Pepro-
Tech), and 25 ng/mL tumor necrosis factor «
(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, KN62, 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 L-glutamine, 1x non- -

essential amino acid, 100 U/mL penicillin, 100 ug/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, immunostainixllg,,
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 Wni5a
expression during liver development using quantitative
RI-PCR. Whz54 expression was detected in fetal and
neonatal livers of WT mice and showed a gradual
increase during liver development (Fig. 1A). To inves-
tgate Wnt5a expression in midgestational feral liver,
we purified the fractions of hepatoblasts, mesenchymal
cells, mesothelial cells, endothelial cells, and hemarto-
poietic cells from E14.5 liver using FACS. Quantita-
tve RT-PCR analysis indicated that WuzSaz 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
WhatS5a 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 Wnt5a KO mice than in WT mice (Fig.
2A). To further investigate these changes in bile duct
development, cxpression 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 Nowhl, Notch2, and
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Fig. 1. Expression analyses of Wntba and Fzd receptors during liver development. (A) Quantitative RT-PCR analysis of Wntba in fetal and neo-
natal livers, £14, 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 Wnt5a at each stage relative to expression of this RNA in E14.5 fetal liver following normalization of template
copy number {0 f-actin. Bars represent the mean £ SD of three separate experiments. (B) Quantitative RT-PCR analysis of WntBa. tane a:
CD45 Ter1 16 CD71~DIK™E cells from E14.5 liver (hepatoblasts). Lane b: CD45 Ter119CD71 PDGFR™ cells from E14.5 liver (mesenchymal
cells). Lane ¢: CD45 Ter119~CD71PCLP-17 cells from E14.5 liver (mesothelial cells). Lane d: CD45 Ter1197CD71 Fki™ cells from E14.5
liver (endothelial cells). Lane e: CD45™Ter1197CD71™ cells from E14.5 liver (hematopoietic cells). All lanes were normalized by numbers of §-
actin coples quantified by TagMan-PCR analysis; equal numbers of copies were applied as templates. Wntba expression was significantly higher
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separate experiments. *P < 0.05. (C) Expression of Fzd family. Lane 1: hepatoblasts (CDAE“TerllQ‘DIk“‘g“ cells) purified from E14.5 liver,
Lane 2: hematopoietic cells (CD45ﬁer1 197 celis) from E14.5 liver. Lane 3: adult hepatocytes from 12-week-old mouse liver. Lane 4: negative
control (distilied 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.

Jagged] were significantly higher in Wnt5a KO E16.5
fetal livers relative to WT livers (Supporting Fig. 3A).
Numbers of Hes1™ cells in E18.5 livers were signifi-
cantly greater in WatSa KO mice than in WT mice
(Supporting Fig. 3B). Expression levels of Gyelin DI
and c-Myc (target transcripts of canonical f-catenin—
dependent Wnt pathway) in WntSa 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) 18 HNF4a~ 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 swucrures (PDSs) consisting  of multiple
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 Wniba excessively promotes the formation of bile

- duct in fetal fiver. (A) Representative images depicting luminal spaces
around the portal vein (PV) in E18,5 Wnt5a KO and littermate WT livers
stained with hematoxylin and eosin. (B} Quantitative RT-PCR analysis of
the cholangiocyte marker Sox3 is depicted as the ratio of Sox9 copy
number in E16.5 Wnt5a KO livers relative to WT livers (all normalized to
p-actin). Steady-state levels of Sox9 mRNA were significantly higher in
WntSa 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 HNF18 (green) and HNF4x (red) anti-

hodies, Insets depict high-power field images of cells with positive staining’

for CK19 (left panef) and HNF1j {right panel). PV, portal vein, (D, E} Left
two panels: immunostaining of HNF15 (green) and HNF4x (red} in E16.5
(D) and E18.5 (E) livers. Right panel (D): number of HNF18 HNF4s ™ 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 Wni5a 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 Wnt5a 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 um.
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E18.5 livers (Fig. 2E) were significantdy higher in
What5a 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 cleatly that loss of Wnt5a
excessively promotes the formation of bile ducts in fe-
tal liver. 7

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 WnrSa KO
mice. Similarly, we observed no significant differences
between WT and Wnt5a KO E18.5 fetal livers with
regard to copy numbers of tyrosine aminotransferase,
cartbamoyl 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 impaire
in WntSa 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 Wnat5a 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
What5a KO fetal livers compared with those in WT
livers.

WhnitSa Retards Formation of Bile Duct-Like
Structures from Primary Hepatoblasts. In collagen
gel-embedding culture, mouse primary hepatoblasts dif-
ferentiate into bile duct-like branching structures, coin-
cident with the expression of biliary cell-specific genes
such as CK19 (Fig. 3A, left panel).® To investigate the
effects of Wnt5a on differentiation of hepatoblasts into
biliary cells 77 vitro, we cultured primary hepatoblasts
derived from E14.5 WT fetal livers and assessed the
formation of bile duct-like branching strucrures.

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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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.
WntSa Suppresses Cyst Formation Derived from
HPPL in Three-Dimensional Culture. To assess the
potential of hepatic stem/progenitor cells for bile duce-
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 pim diameter with
clear lumina), and large cysts (>100 pm diameter with

® Control EHS Wnt5a Hc
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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
Wnt5a. (B) Expression levels of ty-
rosine’ amino transferase (TAT),
CPS1,  tryptophan-2,3-oxygenase
(T0), G6Pase, and HNF4a are
depicted as the ratio of copy
mRNA number in cells treated with
EHS gel alone or EHS gel plus 100
ng/mL Wnt5a for 7 days relative to
control cells. He, "primary adult
hepatocytes from 12-week-old mice
{positive control). All samples were
normalized by numbers of f-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-
tiation, Cells in the luminal walls of small and large
cysts, in contrast, produced CK19 butr not ALB, indi-
cating their differentiation to a cholangiocyte lineage
(Supporting Fig. 6). Vehide-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 significanty 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 WntSa by- blocking
experiments. Culaures supplemented with anti-Wnat5a
antibody (Ab) resulted in a significant increase in num-
bers of HPPL-derived cysts relative to control Ab, and



HEPATOLOGY, Vol. 57, No. 6, 2013

A BSmalleyst
Ciarge cyst T

30

) 2

22 2

‘3‘ 20 E‘wv

E3 [+3 4

g 485 :‘; 10

2 W § s

N il
o

s % 7T i1
DMSC KNS2 KN9Z KN23
KNE2 (Ca'MKﬁiﬁh} )

L]
o)

4

s
n

Ratativa axprassion of MRP3

Total numbar of cysts
-
<

® o

Vehicle DMSO Y2763Z NSC23786 CyA Go8978

DMSO ~ KN6Z,
{contro}} {CaMKil inh}

m

DMSO{eontrot) ?(N(ié {Cakiit ini)

DMSOfcontrol)  KNS2{CalKi fnh)

T2 3

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 eysts, small' cysts, and
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trols for KN62 {vehicle) and KN83, respectively, *P < 0.01. **P <
0.05. (B) Representative DAPl-stained (blue, left panels) or phase
contrast confocal microscopy images (right panels) of bile duct-like
cysts. Scale bars: 100 pm. (C) Numbers of total cysts were not
changed by the inhibitors of Rho kinase (Y-27632), Racl
“(NSC23766), calcineurin (cyclosporin A [CyAl), or PKC (Go6976). Ve-
hicle-only treatments (distilled water or DMSO) served as negative
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MRP3 in HPPL cysts. MRP3 expression was significantly increased in

medium supplemented with CaMKI| inhibitor (KN62), suggesting that -

CaMKIil inhibitor promoted biliary maturation of HPPL cysts. ***P <
0.01. (E) Immunoblot analysis of CK1S, AFR and PCNA in HPPL-
derived cysts treated with vehicle (DMSQ) or CaMKll 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 WntSa supplementation (Fig.
3C). Numbers of HPPL-derived cysts were higher in
cultures supplemented with WntS5a-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 HNFI18,
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). HNF18 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 iz vivo results, these data indicate that
Wnt5a suppresses bile duct—like cyst formation of fetal
hepatic progenitor cells in vizro.

Wit5a 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 77 vitro hepatic differentiation
assay.”* Phase-contrast microscopy after addition of
EHS gel identified several morphological changes within
cells, including formation of highly condensed cyrosol,
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 Wnt5a (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 ayptophan-
2,3-dioxygenase, G6Pase, and HNF40 mRNA levels
were not significantly different. These results indicate
that Wnt5a conuributes, 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 stimularte 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 CaMKll is regulated by Wnt5a stimula-
tion in fetal liver. (A) Immunoblot analysis of p-CaMKHl, p-PKC, and p-
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images of cysts derived from HPPL supplemented either with vehicle
(DMS0), 100 ng/mL Wnitba, CaMKIl inhibitor (KN62), or 100 ng/mL
Wnt5a plus CaMKIl inhibitor. Scale bars: 100 um. {C) Numbers of bile
duct-fike cysts derived from HPPL in five random fields per well in cul-
tures supplemented with vehicle (DMSQ), Wntba, CaMKIl inhibitor
(KN62), or Wnt5a 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 Wnt5a KO livers. Mice 1-5 and mice
8-10 are E16.5 WT and Wnt5a 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
(KIN93 and KIN62) 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
(KING2). 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, HNF4w, and- S-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 dara indicate that CaMKII activity
suppresses the formation of HPPL-derived cysts,
whereas activities of other WntSa-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.
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Fig. 7. Schema for the biliary differentiation of hepatoblasts in
Wnt5a KO liver. Wnt5a 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 bifiary cells, whereas loss of Wntba in such microenvir-
onment leads to down-regulation of CaMKNl activation in hepatoblasts
and abnormatly 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 CaMKIE (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 Wnt5a expression
patterns.

Using. immunostaining of FACS-purified primary
hepatoblasts with and p-CaMKII Ab, we detected p-
CaMKII in >90% of FACS-purified primary hepato-
blasts (Supporting Fig. 9B, upper panels); p-PKC was
also derected 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.

WntSa Regulates the Phosphorylation of CaMKIT

" in Fetal Liver. To verify whether CaMKII activation is
controlled by Wnt3a, 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 a.nd Supporting Fig. 10A). Simi-
lar to a previous report,’> total CaMKII protein levels
in HPPL also increased after CaMKII activation. Rarios
of p-CaMKII/CaMKII also increased, peaking 3 hours
after WntSa supplementation (Supporting Fig. 10B). In
contrast, Wne5a 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
CaMKITI inhibitor (KIN62) 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
Whnt5a), 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-CaMXKII 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 physiclogi-
cal role for Wnt5a in liver development, in that Wnt5a
was observed to suppress the formaton of bile ducts
derived from hepatoblasts. Our data showed increased
expression of Sox9, Notchl, Nowch?2, and Jaggedl in
Wnt5a 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 HNF1STHNF4o~ 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, HNF1p HNF4o~ 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 WntSa KO livers, similar
to WT livers (Supporiing 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 heparo-
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 investgation 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, mdudmo oncostatin M,
HGEF, and extracellular matrices.*® Our data showed
that hepatic marturation of primary hepatic stem/pro-
genitor cells was promoted in cultures supplemented

with WntSa (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 Wit family ligands in vive, since several nonca-
nonical-signaling Wnt ligands (Wnt4, WntSa, and
Wntll) are expressed in normal fetal liver.?® In sup-
port of the hypothesis that other noncanonical Wnt
ligands may compensate for WntSa, Supporting Fig.
13A shows that Wnt4 expression levels in liver increase
significantly in Wnt5a 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 tissue, 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 Wnt5a 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 CaMKIL.

CaMKII has been reported to activate the trans-
forming growth factor f-activated kinase 1 (TAK1)-
Nemo-like kinase (NLK) pathway, and that resulting
phosphorylation of T cell factor inhibits f-catenin—de-
pendent transcription.”® On the other hand, CaMKII-
TAK1-NLK signaling induces bone marrow mesenchy-
mal stem cells to uridergo ostcoblastogenesis depending
on specific downstream signaling cascades.’® Our
expression -analysis showed that expression levels of

Cyclin DI and c-Myc (the direct target molecules of -

catenin activation) did not change in Wnt5a KO mice
in vivo (Supporting Fig. 4) nor in HPPL-derived cysts
treated with CaMXII inhibitor iz vitro (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,
WntSa 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
Whnt5a significandy reduced the migratory capacity of
colorectal cancer cell line.”” Whereas increased Wnt5a
expression correlares with advanced stages of gastric
cancer with poor prognosxs, % there is no definitive
data about Wnt5a in the progression of hepatocellular
carcinomas. In this study, we reveal one function of
Wnt5a in feral liver in the suppression the biliary dif-
ferentiation of hepatic stem/progenitor cells. To- clarify
the pathologxcal 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 Wni5a in
adult hepatic stem/progenitor cells and cancer stem
cells may lead to studies of WntSa signaling as a thera-
peutic target against abnormal bile ductal formation in
the liver or cholangiocellular carcinoma.

Acknowledgment: We thank Prof. A. Miyajima (the
University of Tokyo) for the gift of anti-CK19 anti-

body. We thank K. Itoh, K. Okada, and A. Yanagida

(Institute of Medical Science, the University of Tokyo)

for excellent technical assistance.

References

. Turper R, Lozoya O, Wang Y, Cardinale V, Gaudio E, Alpini G, et al.
Human hepatic stem cell and marurational liver lineage biology. Hepa-
TOLOGY 2011;53:1035-1045.

2. Cardinale V, Wang Y, Carpino G, Cui CB, Gao M, Rossi M, er al.
Multipotent stem/progenitor cells in human biliary tree give rise to he-
patocytes, cholangiocytes, and pancreatic islets. HepaToLOGY 2011;54:
2159-2172.

3. Kubota H, Reid LM. Clonogenic hepatoblasts, common precursors for
hepatocytic and biliary lincages, are lacking classical major histocompat-
ibility complex class I antigen. Proc Natl Acad Sci USA 200097
12132-12137.

4. Kakinuma S, Ohta H, Kamiya A, Yamazaki Y, Oikawa T, Okada K,
et al. Analyses of cell surface molecules on hepatic stem/progenitor cells
in mouse feral liver. ] Hepatol 2009;51:127-138.

. Zhou H, Rogler LE, Teperman L, Morgan G, Rogler CE. Identifica-
tion of hepatocytic and bile ductular cell lineages and candidate stem
cells in bipolar ductular reactions in cirrhotic human liver. HepaToLOGY
2007;45:716-724. '

6. Otkawa T, Kamiya A, Kakinuma S, Zeniya M, Nishinakamura R, Tajiri
H, et al. Sall4 regulates cell fare decision in fetal hepatic sfem/progeni—
tor cells. Gastroenterology 2009;136:1000-1011.

7. Suzuki A, Sekiya S, Buscher D, Belmonte JCI, Taniguchi H. Thx3
controls the fate of hepatic progenitor cells in liver development by
suppressing p19{ARF) expression. Development 2008;135:1589-1595.

8. van Amerongen R, Nusse R. Towards an integrated view of Wnr signal-
ing in development. Development 2009;136:3205-3214.

9. Kikuchi A, Yamamoto H, Sato A, Matsumoto S. WnrtSa: its signalling,

functions and implicadon in discases. Acta Physiol (Oxf) 2012;204:

17-33.

b—

w



HEPATOLOGY, Vol. 57, No. 6, 2013

10.

1

—

12.
13.

14,

15.

17.
18.
- hepatic progenitors derived from mouse Dlk+ hepatoblasts. J Cell Sci

19.

20.

Tan XB Yuan YZ, chg G, Apte U, Thompson MD, Cieply B, et al.
bera-carenin deletion in hepatoblasts disrupts hepatic morphogenesis

and survival during mouse development. HepaTorLogY 2008;47:

1667-1679.

. Yamaguchi TP Bradley A, McMahon AP, Jones S. A Wnt5a pathway

underlies outgrowth of mulriple structures in the vertebrate embryo.
Development 199%;126:1211-1223.

Li CG, Xiao J, Hormi K, Borok Z, Minoo P Wnt5a parricipates in
distal lung morphogenesis.” Dev Biol 2002;248:68-81.

Cervantes S, Yamaguchi TP, Hebrok M. Wnt5a is essencial for intesti- .

nal elongarion in mice. Dev Biol 2009;326:285-294.

Nemeth MJ, Topol L, Anderson SM, Yang YZ, Bodine DM. Wni5a
inhibiss canonical Wnt signaling in hematopoietic stem ' cells and
enhances repopulation. Proc - Natl Acad Sci USA 2007;104:
15436-15441. i

Takada I, Mihara M, Suzawa M, Ohtake E Kobayashi S, Igarashi M,
et al. A histone lysine methyltransferase activated by non-canonical
Whnt signalling suppresses PPAR-gamma transacrivation. Nat Cell Biol

- 2007;9:1273-1285.
16.

Parish CL, Castelo-Branco G, Rawal N, Tonnesen J, Sorensen AT,
Salto C, et al. WntSa-treated midbrain neural stem cells improve dopa-
mine cell replacement therapy in parkinsonian mice. J Clin Invest
2008;118:149-160.

Zeng G, Awan E Ouuba W, Muller B Apte U, Tan XB et al. War'er
in liver: expression of Wnt and frizzled genes in mouse. Hepsrorocgy
2007;45:195-204.

Tanimizu N, Saito H, Mostov X, Miyajima A. Long-term culrure of

2004;117:6425-6434.

Tanimizu N, Miyajima A, Mostov KE. Liver progenitor cells develop
cholangiocyte-type epithelial polarity in three-dimensional culture. Mol
Biol Cell 2007;18:1472-1479.

Antoniou A, Raynaud B Cordi S, Zong Y, Tronche E Stanger BZ,
et al. Intrahepatic bile ducts develop according to a new mode of twbu-
logenesis regulated by the transcription factor SOX9. Gastroenterology
2009;136:2325-2333.

21.

22.

23.

24.

25.

27.

28.

5561

KIYOHASHI, KAKINUMA, ET AL, 2513

Lozier J, McCright B, Gridley T. Notch signaling regulates bile duct
morphogenesis in mice. PLoS One 2008;3:¢1851.

Tchorz }S, Kinter J, Muller M, Tornillo L, Heim MH, Bettder B,
Norch2 signaling promotes biliary epithelial cell fate specification and
tubulogenesis during bile duct development in mice. HeraToLOGY
2009;50:871-879.

Si-Tayeb K, Lemaigre FB, Duncan SA. Organogencsis and development
of the liver. Dev Cell 2010;18:175-189.

Kamiya A, Kojima N, Kinoshita T, Sakai Y, Miyaijma A. Maturation
of fetal hepatacyres in vitro by extracellular matrices and oncostatin M:
induction of tryptophan oxygenase. HepaToLogy 2002:35:1351-1359.
Parton BL, Molloy SS, Kennedy MB. Autophosphorylation of type II -
CaM kinasc in hippocampal ncurons: localization of phospho- and

dephosphokinase with complementary phosphorylation  site-specific
antbodies. Mol Biol Cell 1993:4:159-172.

. Konishi S, Yasuchika K, Ishii T, Fukumitsu K, Kamo N, Fujira N,

et al. A transmembrane glycoprotein, gp38, is a novel marker for
immature hepatic progenitor cells in fetal mouse livers. In Vitro Cell
Dev Biol Anim 2011;47:45-53.

Yamauchi T. Newronal Ca2+/calmodulin-dependent protein kinase
II—discovery, progress in a quarter of a cenrury, and perspective: impli-
cation for learning and memory. Biol Pharm Bull 2005;28:1342-1354.
Ishitani T, Kishida S, Hyodo-Miura J, Ueno N, Yasuda J, Waterman
M, et al. The TAKI-NLK n\i;ogcn—acdvatcd protein kinase cascade

. funcdons in the Wnt-52/Ca2+ pathway to antagonize Wnt/beta-

29.

30.

catenin signaling, Mol Cell Biol 2003;23:131-139.

Dejmek ], Dejmek A, Safholm A, Sjolander A, Andersson T. Wnt-52
protein expression in primary dukes B colon cancers identifies a
subgroup of patients with good prognosis. Cancer Res 2005;65:
9142-9146. .

Kurayoshi M, Oue N, Yamamoto H, Kishida M, Inoue A, Asahara T,
et al. Expression of Wnt-52 is correlated with aggressiveness of gastric
cancer by stimularing cell migration and invasion. Cancer Res 2006;66:
10439-10448.



562

JOURNAL OF VIRAL H

Journal of Viral Hepatitis, 2013, 20, 167-173 doi:10.1111/.1365-2893.2012.01640.x

Virological response and safety of 24-week telaprevir alone in
Japanese patients infected with hepatitis C virus subtype 1b

J. Toyota, I. Ozeki,’ Y. Karino,! Y. Asahina,? N. Izumi,? S. Takahashi,® Y. Kawakami,’

K. Chayama,® N. Kamiya,* K. Aoki,* I. Yamada,* Y. Suzuki,® F. Suzuki® and H. Kumada®
*Department of Gastroenterology, Sapporo Kosei General Hospital, Hokkaido, Japar; *Division of Gastroenterology and Hepatology, Musashino Red Cross
Hospital, Tokyo, Japan; Division of Frontier Medical Science, Department of Medical and Molecular Science, Programs for Biomedical Research, Graduate
School of Biomedical .Science, Hivoshima University, Hiroshima, Japan; *Research and Development Division, Mitsubishi Tanabe Pharma Corporation,’

Tokyo, Japan; and *Department of Hepatology, Toranomon Hospital, Tokyo, Japan

Received March 2012; accepted for publication May 2012

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;g 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 logjo 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
farther 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 viras (HCV) [1]. In Japan, it is estimated that more than
1.5 million people are chronically infected with hepatitis C.

'Telaprevir is a novel peptidemfmetic 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: AF, adverse event; ALT, alanine aminotransferase;
AST, aspartate aminoctransferase; 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 freatment 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 TFN-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 1a
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
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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 Jogio 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
i BMI HCV RNA Treatment HCV RNA Nadir Virological -
Sex Age (kg/m?) {logyp I0/mL) duration (day) (logyp 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 . 7.05 437 <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 62 204 6.25 147 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 S3 250 7.10 169 (complete) Undetectable Relapse
13 F 60 19.7 5.00 10 <1.2 detectable Breakthrough
14 F 55 238 - 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

other reasons.

© 2012 Blackwell Publishing Ltd
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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 éend of treatment. Breakthrough was
defined as the state when the viral level increased by 2
logap I0/mL from nadir or a level of more than 3 logy, U/
ml after reaching undetectable levels during treatment.
Partial responders were subjects whose HCV RNA level
dropped by at least 2 logys 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 logy IU/mL.

Safety assessments

Safety of telaprevir was assessed by clinical laboratory tests,
vital signs, abdominal ultrasonography and ABs. Twelve-
lead electrocardiogram (ECG) examinations were performed
once during the screening per:lod. 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/J
version 12.0 (MedDRA Japanese Maintenance Organization,
Tokyo, Japan).

24-week telaprevir alone in HCVb patients 169

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 log;o IU/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
logig IU/mL on Week 1 (Fig. 1). The average of maximum
reduction in each patient was 5.01 log1o 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 logyo 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

AFs 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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Table 2 Incidence of adverse events that occurred in two or
more patients

N=15
Mild Moderate Severe Total
n%) n®% 0 0%
Rash 5(33.3) 3(20.0) 0(0.0) 8(53.3)
Anaemia 7 (46.7). 0 (0.0) 0 (0.0) 7 (46.7)
Low-density 6 (40.0) 0(0.0) 0(0.0) 6 (40.0)
lipoprotein
increased
Blood uric 4(26.7) 0(0.0) 0(0.0) 4(26.7)
acid increased
Pruritus 3 (20.0) 1(6.7) 0 (0.0) 4(26.7)
Anorexia 3 (20.0) 0(0.0) 0 (0.0) 3 (20.0)
Dysgeusia 3(20.0) 0(0.0) 0(0.0) 3(20.0)
 Headache 3 {(20.0) 0 (0.0) 0 (0.0) 3 (20.0)
Diarrhoea 2(13.3) 0(0.0) 0(0.0) 2(13.3)
Pyrexia 2 (13.3) 0(0.0) 0(0.0) 2@13.3)
Thirst S 2(13.3) 0(0.0) 0(0.0) 2(13.3)
Nasopharyngitis 2 (13.3) 0(0.0) '0(0.0) 2(13.3)
Blood creatinine 2 (13.3) 0(0.0) 0 (0.0) 2 (13.3)
increased
Blood triglycerides 2 (13.3) 0 (0.0}  0(0.0y 2(13.3)
increased
Platelet count 2(13.3) 0(0.0) 0(0.0) 2(13.3)
decreased - : .
Dizziness 167 1(6.7) 0(0.0) 2(13.3)

MedDRA (Ver.12.0).

more than 25% of patients were rash (53.5%), anaemia
(46.7%), low-density lipoprotein' (LDL) increases (40.0%),
blood uric acid increase (26.7%) and pruritus (26.7%). Two
patients discontinued telaprevir treatment because of AEs

(berpes zoster or rash pruritic). Except for the herpes zoster

whose severity was judged as severe and serious, all the

14 - miid rash
125

Number-of skin disorder events

[ g pruritus B8 - Moderats proritus

555

events were mild to moderate. Fifty of the 80 AEs iwere
observed within the first 4 weeks.

In relation to skin AEs, rash, pruritus and rash pruritic
were observed in 8, 4 and 1 patients, respectively. The onset
day of these events is described in Fig. 2. The range of the
onset day was Day 1 to Day 113, and the median was Day
15. Rash in three patients, pruritus in one patient and rash
pruritic in one patient were moderate, and the others were
mild. One patient discontinued telaprevir at Week 6 because
of moderate rash pruritic. Most of the skin AEs were treated
with oral antthistamines or topical steroids.

A decrease in haemoglobin levels was observed in all
patients (Fig. 3a). Seven of 15 patients developed anaemia
during and after the treatment. All anaemia events were mild
and no patient needed discontinuation of telaprevir. Uric acid
and IDL cholesterol increased during the treatment
(Fig. 3b.c), but these changes were mild and no patient
needed any medication for these AEs. There were no sub-
stantial increases in levels of alanine aminotransferase (ALT),
aspartate aminotransferase (AST) and total bilirubin (T-bil).

Sequence analysis at HCV NS3 protease domain

Amino acid substitutions in the NS3 protease domain were
examined in 39 clones or more in each sample. Before Week
8, V36A/G, T54A and A156T/V as single substitutions, and
T54A + R155K and A156T/V + V1581 as multiple substi-
tutions were observed. Among two patients who discontin-
ued telaprevir within 2 weeks, all clones but three in one
patient were wild-type variants after withdrawal of telapre-
vir. In three patients who discontinued at Weeks 5-7
because of viral breakthrough, predominant clones possessed
A156V/T substitutions after the nadir of viral load. Pre-
dominant variants observed during and after telaprevir
monotherapy in the eight patients who received telaprevir
beyond 8 weeks are shown in Fig. 4 together with HCV RNA
levels. In the two patients who showed the lowest HCV RNA
level of on Week 4, the predominant clones detected after

1 Moderale fashirash prurtic

~7 ~t4 <21

Fig. 2 Rash and pruritus occurrence.
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viral breakthrough were A156F and T54A. One other
patient with nadir HCV RNA level on Week 8 had a pre-
dominant clone of TS4A + I132L after viral breakthrough.
Among the five patients who completed the telaprevir
treatment for 24 weeks as scheduled, two patients were HCV
RNA positive at the end of treatment. One of these two
patients had an A156F substitution at the end of treatment,

and a A156Y substitution was also detected on Week 1 of -

the follow-up period. In the two patients who relapsed dur-
ing the follow-up period, the predominant clone was TS54A
which shiﬁqd to the wild-type variant in one patient.

' © 2012 Blackwell Publishing Ltd
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DISCUSSION

Although higher SVR rates and shorter duration of treat-
ment were achieved by telaprevir in combination with
PEG-IFN and RBV in US, EU and Japan [2-6], the DAA
combination regimens also increased the frequency and
severity of side effects usually observed in the PEG-IFN and

" RBV therapy. As most patients in Japan are aged people,

IFN-free regimens are in urgent need because these patients
are intolerant to IFN-based therapies [12-14].

In this exploratory study, one of 15 patients on telaprevir
monotherapy was able to achieve SVR. A low viral load of
<4 logio IU/mL in this patient probably contributed to the
achievement of SVR. and Suzuki et al. [15] published this
case report in detail. Although the SVR rate obtained in the
study was not beneficial enough, the telaprevir monotherapy
could decrease HCV RNA levels dramatically in all cases. The
severity of skin-related AEs during telaprevir monotherapy
was milder than those of cases developing in the co-admin-
istration with PEG-IFN and RBV [5.6,16-18]. All the events
were mild to moderate and manageable with antihistamines
or topical steroids. Similarly to the skin-related events,
decreases in haemoglobin levels were mild, and the inci-
dence of anaemia was 46.7%. As all the anaemia events
were mild, there was no need for discontinuation of tela-
previr or use of any medications. Severe skin rash and
anaemia observed in the therapy with telaprevir in combi-
nation with PEG-IFN and RBV are probably ascribable to the
synergistic effect of these three drugs. Although the mech-
anism of uric acid and LDL cholesterol elevation during
treatment with telaprevir has been established,. these chan-
ges disappeared at the end of telaprevir dosing. Telaprevir
was generally well tolerated in all the patients.

Amino acid substitutions in the HCV NS3 protease domain
were monitored during the study. The relationship between
these substitations and resistance to NS3-4A protease inhib-
itors has been well documented by in vitro, in vivo and clinical
studies [19-22]. In the eight patients who received the tela-
previr monotherapy beyond 8 weeks, the predominant
breakthrough variants were T54A and A156F, which were
not observed at the earlier time points (Fig. 4). Furthermore,
in the clones accounting for more than 10% of each specimen,
the secondary substitution of V1581 and I132L was identified
along with the primary resistant-associated substitution of
A156T/V and T54A, respectively, and a novel substitution of
A156Y was also observed. This study confirms the higher
genetic barrier of HCV subtype 1b against the V36M £ R155K
substitutions. Our results clearly indicate that the prolonged
telaprevir monotherapy leads to the development of various
variants. As the replication fitness of drug-resistant variants
tends to be lower than that of wild type, the former are likely to
be overtaken by the wild-type virus under drug-free condi-
tions within 3—7 months [11,23,24]. As Ozeki et al. [25]
reported that four 'patients with favourable IL28B SNP who

failed to eradicate HCV with telaprevir monotherapy were
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responsive to sequential therapy with PEG-IFN and RBV, the
substitutions in the NS3 protease domain by the telaprevir
treatment are not correlated with resistance to PEG-IFN and/
or RBV directly as described previously [23,24]. Sequential
therapy with PEG-IFN and RBV after relapse or viral break-

through on telaprevir monotherapy might be a therapeutic

option in some cases, inclhading the case of low haemoglobin.
By taking the error-prone nature of HCV replication into
account, successful eradication with IFN-free DAA(s)
regimens probably depends on how efficiently DAA can sup-
press various DAA-resistant variants that pre-exist and are
selected under DAA pressure. The telaprevir-based combina-
tion therapy with other DAA(s) such as NSS5A or NS5B
polymerase inhibitors may be useful for successful treatment.
Using a human chimeric liver mouse model for HCV infection,
Ohara et al. [26] reported that the combination of telaprevir
with a high-dose nucleoside analogue could successfully
eradicate HCV infection. Recently, it was reported that the
dual therapy with daclatasvir, an NS5A replication complex
. inhibitor, and asunaprevir, NS3-4A protease inhibitor, had
high SVR rates in difficult-to-treat patients with subtype 1b
and null responders [27,28]. These successful resulis are also
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