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Identification of a Novel Alpha-
Fetoprotein-Expressing Cell Population
Induced by the Jagged1/Notch2 Signal
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Murine Fibrotic Liver
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The liver is well known to possess high regenerative capacity in response to partial resection or tissue injury. However, liver
regeneration is often impaired in the case of advanced liver fibrosis/cirrhosis when mature hepatocytes can hardly self-
proliferate. Hepatic progenitor cells have been implicated as a source of hepatocytes in regeneration of the fibrotic liver.
Although alpha-fetoprotein (AFP) is known as a clinical marker of progenitor cell induction in injured/fibrotic adult liver,
the origin and features of such AFP-producing cells are not fully understood. Here, we demonstrate a unique and distinct
AFP-expressing cell population that is induced by the Jagged1/Notch2 signal in murine fibrotic liver. Following repeated car-
bon tetrachloride injections, a significant number of AFP-positive cells with high proliferative ability were observed along the
fibrous septa depending on the extent of liver fibrosis. These AFP-positive cells exhibited features of immature hepatocytes
that were stained positively for hepatocyte-lineage markers, such as albumin and hepatocyte nuclear factor 4 alpha, and a
stem/progenitor cell marker Sox9. A combination of immunohistological examination of fibrotic liver tissues and coculture
experiments with primary hepatocytes and hepatic stellate cells indicated that increased Jaggedl expression in activated hepat-
ic stellate cells stimulated Notch2 signaling and up-regulated AFP expression in adjacent hepatocytes. The mobilization and
proliferation of AFP-positive cells in fibrotic liver were further enhanced after partial hepatectomy, which was significantly
suppressed in Jaggedl-conditional knockout mice. Finally, forced expression of the intracellular domain of Notch2 in normal
liver induced a small number of AFP-expressing hepatocytes in vivo. Conclusion: Insight is provided into a novel pathophysi-
ological role of Jagged1/Notch2 signaling in the induction of AFP-positive cells in fibrotic liver through the interaction
between hepatocytes and activated hepatic stellate cells. (Hepatology Communications 2017;1:215-229)

Introduction

he prevalence of liver cirrhosis, which repre-
sents the common consequence of chronic
fibrotic liver diseases of various etiologies, is
increasing and has become a serious medical issue
worldwide.” Liver cirrhosis not only leads to hepatic

functional failure but also provides a pathological
background for the development of hepatocellular car-
cinoma.® In patients with cirrhosis-associated hepato-
cellular carcinoma, it is sometimes difficult to remove
the tumor surgically because of the expected high risk
of postoperative regenerative failure of the remaining
cirrhotic liver. Development of a novel therapeutic
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strategy for suppressing the progression of liver fibrosis
and accelerating regeneration of fibrotic liver is urgent-
ly needed.

Normal liver is well known to exhibit remarkable
regenerative capacity in response to partial resection or
tissue injury. Following partial hepatectomy, mature
hepatocytes vigorously self-proliferate and restore the
lost volume and function.®) In contrast, in the case of
severe liver fibrosis/cirrhosis when mature hepatocytes
show minimal division, it is generally considered that
hepatic progenitor cells (HPCs) are mobilized to pro-
liferate and differentiate into mature hepatocytes.>
Two origins have been proposed as the cellular sources
of HPCs. The first is the differentiation of bipotent
oval cells located in the canal of Hering," while the
other the dedifferentiation of mature
hepatocytes.

Alpha-fetoprotein (AFP) is not only a representative
tumor marker of hepatocellular carcinoma but is also
known as a marker of HPC induction in both clini-
cal® and experimental®® settings. AFP is produced
by bipotent HPCs and yolk sac endoderm, and serum
AFP concentrations are increased during embryonic
development. On the other hand, serum AFP levels
are elevated in the recovery phase of acute hepatic fail-
ure® and active liver cirrhosis™ in adult patients,
possibly indicating mobilization and proliferation of
HPCs. However, the origin of such AFP-producing
cells induced in injured adult liver tissue is not fully
understood.

In the present study, we show that the Jagged1/
Notch2 signal accelerates the induction of AFP-
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expressing cells in carbon tetrachloride (CCly)-induced
murine fibrotic liver. A combination of immunohisto-
logical examination of fibrotic liver tissues and cocul-
ture experiments with primary hepatocytes and hepatic
stellate cells (HSC) indicated that increased Jaggedl
expression in activated HSC stimulated Notch2 signal-
ing and up-regulated AFP expression in adjacent hep-
atocytes. Experiments using Jaggedl conditional
knockout (cKO) mice demonstrated that Jagged1 dele-
tion suppressed the mobilization and proliferation of
AFP-positive cells after partial hepatectomy in CCly-
treated fibrotic mice. Moreover, forced expression of
the intracellular domain of Notch (NICD)2 in normal
liver induced a small number of AFP-expressing hepa-
tocytes in vivo. These results provide insight into a
novel important role of Jagged1/Notch2 signaling in
liver pathophysiology.

Materials and Methods
MICE

All mice used in the present study received humane
care and were maintained under specific pathogen-free
conditions. Animal experiments were approved by the
Animal Experimentation Committee of Tokai Univer-
sity. Jagged1-floxed knockin mice (Jagged1™"**)1?
were crossed with Mx-Cre transgenic mice™® to gen-
erate polyinosinic-polycytidylic acid [poly(I):poly(C)]-
inducible Jaggedl cKO mice. Notch2-floxed knockin
mice (Nozch2™"*) ) were mated with Albumin-Cre
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transgenic mice™ [C57BL/6TgN(AlbCre)21Mgn

strain from Jackson Laboratory, Bar Harbor, ME] to
achieve hepatocyte-specific Nozch2 gene deletion. Both
strains of mice were back-crossed with C57BL/6 mice.
Their genotypes were determined by polymerase chain
reaction (PCR) using the primer sets listed in Support-
ing Table S1. At 8 weeks of age, Jaggedl cKO mice
and control Mx-Cre-negative Jagged1””"* littermates
were given a total of four injections of 250 ug of
pon(I):(poly(C) (Sigma-Aldrich, St. Louis, MO) every
3 days."®) Approximately 8 weeks after the poly(I):po-
ly(C) injections, the mice started to receive subcutane-
ous injections of 1 mL/kg body weight of CCly (Wako
Pure Chemical Industries, Ltd., Tokyo, Japan) mixed
in olive oil every 3 days for a total of 28-30 times.!”
Acute liver injury was induced in wild-type mice by an
intraperitoneal injection of CCly or thioacetamide. In
some experiments, mice were fed a 3,5-diethoxycar-
bonyl-1,4-dihydrocollidine (DDC) diet (Oriental
Yeast, Tokyo, Japan) or a methionine choline-deficient
ethionine-supplemented diet (MP Biomedicals, Santa
Ana, CA). Bile duct ligation and 70% ?artial hepatec-

tomy were performed as described. "8

HISTOLOGICAL AND
IMMUNOHISTOLOGICAL
EXAMINATION

Histological and immunohistological studies were
performed as described.!”**?% Briefly, formalin-fixed
and paraffin-embedded sections were subjected to
hematoxylin/eosin or sirius red-fast green FCF stain-
ing using standard protocols. For immunofluorescent/
immunohistochemical staining, sections were incubat-
ed for 2 hours at room temperature with the specific
primary antibodies listed in Supporting Table S2, fol-
lowed by incubation with the fluorescent or horserad-
ish peroxidase-conjugated secondary antibodies shown
in Supporting Table S3. They were examined under a
fluorescence microscope (BZ9000; Keyence Corp.,
Osaka, Japan) or confocal laser-scanning microscope
(LSM510META; Carl Zeiss, Oberkochen, Germa-
ny). Nuclei were stained using 4’,6-diamidino-2-phe-
nylindole (Sigma-Aldrich). The numbers of stained
cells were counted, and the values per unit of area were
calculated using AxioVision Rel 4.9.1 (Carl Zeiss) as
described.""” The extent of fibrosis was calculated by
the sirius red-stained areas, which were measured using
Image] software (National Institutes of Health,
Bethesda, MD) as described.?®
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ISOLATION AND PRIMARY
CULTURE OF PARENCHYMAL
HEPATOCYTES AND HSC

HSC were preFared using the pronase/collagenase
perfusion method"'”) and seeded on a type I collagen-
coated 24-well plate or chamber slides (AGC Techno
Glass, Shizuoka, Japan). They were cultured using
Dulbecco’s modified Eagle medium supplemented
with 10% fetal bovine serum and nonessential amino
acids. Hepatocytes isolated by the collagenase perfu-
sion method®” were seeded on the HSC-preseeded
wells and cultured in the same medium as for HSC.
Gamma secretase inhibitor IX (565770; Merck,
Darmstadt, Germany) was diluted in dimethyl sulfox-
ide (Sigma-Aldrich) before use.

IMMUNOFLUORESCENT
STAINING OF CULTURED CELLS

Cultured cells were fixed with 4% paraformaldehyde
for 20 minutes at 4 °C and then incubated overnight at
4 °C with the specific primary antibodies listed in Sup-
porting Table S2. They were subsequently incubated
with appropriate fluorescent secondary antibodies and
examined under a fluorescence microscope (BZ9000;
Keyence). The immunofluorescent intensity was mea-
sured using Image] software.

HYDRODYNAMIC GENE
DELIVERY

Forced NICD2 expression in normal liver was
achieved by the hydrodynamic gene delivery method as
described.”” Briefly, an expression plasmid encoding
Nicd2 complementary DNA or control empty vec-
@D was dissolved in TransIT-EE Hydrodynamic
Delivery Solution (Mirus Bio, Madison, WI) and
injected through the tail vein. Efficient gene transfer
into hepatocyte nuclear factor 4 alpha (Hnf4a)-positive
hepatocytes was confirmed by enhanced green fluores-
cent protein (EGFP) fluorescence expressed bicistroni-
cally through an internal ribosomal entry site located
immediately upstream of the Egfp gene in the vector.

REAL-TIME REVERSE
TRANSCRIPTION PCR

Total RNA was isolated from liver tissues or culture
cells using the RNeasy Plus Mini kit (Qiagen, Hilden,
Germany). RNA was reverse transcribed using

217


http://onlinelibrary.wiley.com/doi/10.1002/hep4.1026/suppinfo
http://onlinelibrary.wiley.com/doi/10.1002/hep4.1026/suppinfo
http://onlinelibrary.wiley.com/doi/10.1002/hep4.1026/suppinfo
http://onlinelibrary.wiley.com/doi/10.1002/hep4.1026/suppinfo
http://onlinelibrary.wiley.com/doi/10.1002/hep4.1026/suppinfo
http://onlinelibrary.wiley.com/doi/10.1002/hep4.1026/suppinfo

NAKANO ET AL.

aSMA/AFP/DAPI

(@
*

4 1
E
£ 3
@
3
S 2
o
L
<
5 1 -
S
| _ND.

Untreated CCls

HEPATOLOGY COMMUNICATIONS, May 2017

P=0.013

Relative Col1a1 mRNA levels

0 1 9 3
Relative Afpo mRNA levels

FIG. 1. Appearance of AFP-expressing cells in CCly-induced liver fibrosis. Representative pictures are shown for (A) immunofluores-
cent staining of untreated liver tissues and (B) CCly-treated liver tissues using antibodies recognizing «SMA and AFP together with
DAPI nuclear staining. Scale bars, 200 um. (C) Three sections with a mean area of 20 mm? were prepared from each sample. Num-
bers of AFP-expressing cells were counted in more than10 visual fields (4 mm? each) that covered the whole area of the three sections
without large vessels and were compared between untreated and CCly-treated liver tissues. The values are the means = SD from eight
mice in each group (four males, four females). An asterisk indicates that the difference between the groups was statistically significant
(P<0.01). (D) Correlation between the amounts of 4fp and Co/7al mRNAs was analyzed using CCly-induced fibrotic liver tissues
obtained from eight mice (four males, four females). Abbreviations: CV, central vein; DAPI, 4;6-diamidino-2-phenylindole; N.D.,

not detected; PV, portal vein.

SuperScript Reverse Transcriptase (Invitrogen, Carls-
bad, CA). Quantitative reverse transcription (RT)-PCR
was performed using the SYBR Green PCR master mix
(Applied Biosystems, Foster City, CA) with the specific
primers listed in Supporting Table S4.

STATISTICAL ANALYSIS

Values are indicated as the mean = SD. Statistical
analyses were performed using either the Student # test
or the Mann-Whitney U test to evaluate the differ-
ences between groups. Significant correlations were
estimated by the Pearson product-moment correlation

218

coefficient. P values less than 0.05 were considered
statistically significant.

Results

SIGNIFICANT NUMBER OF
AFP-EXPRESSING CELLS
APPEARED IN CCL,-INDUCED
FIBROTIC LIVER TISSUE

We first compared the expression of ¢-smooth mus-
cle action (#®SMA) and AFP in untreated normal liver


http://onlinelibrary.wiley.com/doi/10.1002/hep4.1026/suppinfo

HEPATOLOGY COMMUNICATIONS, Vol. 1, No. 3, 2017

Sox9/AFP/DAPI
CD44/AFP/DAPI

Albumin/DAPI

Albumin/AFP/DAPI

CK19/AFP/DAPI
Hnf1B/AFP/DAPI

NAKANO ET AL.

EpCAM/AFP/DAPI

Hnf4a/AFP/DAPI

PCNA/AFPI/DAPI

FIG. 2. Characterization of AFP-expressing cells present in the CCly-treated fibrotic liver tissue. AFP-expressing cells were costained
with the indicated antibodies recognizing HPC markers, such as (A) Sox9, (B) CD44, and (C) EpCAM,; hepatocyte-lineage markers,
such as (D,E) albumin and (F) Hnf4a; or ductal cell markers, such as (G) CK19 and (H) Hnf1p, together with DAPI nuclear stain-
ing. (I) Cells were also tested for proliferating ability by staining PCNA. Arrowheads and arrows indicate AFP-positive cells with and
without co-expression of another cell marker, respectively. Note that the arrowheads in panels D and E show identical cells. Scale

bars, 50 um. Abbreviations: DAPI, 4,6-diamidino-2-phenylindole; PCNA, proliferating cell nuclear antigen.

and CCly-treated fibrotic liver tissues. While «SMA
expression was observed only in the vessel walls in the
untreated normal liver (Fig. 1A), a large number of
aSMA-positive cells were observed along the fibrous
septa after 28 times of repeated CCly injections (Fig.
1B). Immunofluorescent staining using anti-AFP anti-
bodies revealed no AFP-expressing cells in the untreat-
ed normal liver (Fig. 1A,C). In marked contrast to this,
a significant number of AFP-positive cells were
detected adjacent to the aSIMA-positive myofibroblasts
(Fig. 1B,C). AFP-expressing cells were observed mainly
along the fibrous septa connecting the blood vessels and
preferentially located adjacent to the central veins rather
than the portal areas (Fig. 1B). There was a significant

correlation between the amount of type I ol chain

collagen (Col/1al) messenger RNA (mRNA) and that
of Afp mRNA in the CCly-induced fibrotic liver tissues
(Fig. 1D). These results suggested that AFP-expressing

cells are induced in parallel to the extent of liver fibrosis.

PROLIFERATING AFP-
EXPRESSING CELLS IN FIBROTIC
LIVER TISSUE EXHIBITED
FEATURES OF IMMATURE
HEPATOCYTES

We next characterized the AFP-expressing cells
detected in CCly-induced fibrotic liver tissue. First, we
examined the expression of several stem/progenitor cell
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markers in AFP-expressing cells. While Sox9 was
co-expressed in more than half (57.3% =+ 2.6%) of the
AFP-positive cells (Fig. 2A), expression of either CD44
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(Fig. 2B) or epithelial cell adhesion molecule (EpCAM)
(Fig. 2C) was not detected in AFP-expressing cells. In
addition, all of the AFP-positive cells expressed
hepatocyte-lineage markers, such as albumin (Fig. 2D)
and Hnf4o (Fig. 2F). However, the expression levels of
albumin were lower than those in the neighboring
AFP-negative mature hepatocytes (Fig. 2E). In con-
trast, ductal lineage markers, such as cytokeratin-19
(CK19; Fig. 2G) and Hnflp (Fig. 2H), were not
expressed in AFP-positive cells. Furthermore, nearly all
AFP-expressing cells (99.5% * 0.8%) were stained pos-
itively for proliferating cell nuclear antigen, a marker of
cell proliferation (Fig. 2I). This finding was contrary to
the relatively low proliferating cell nuclear antigen-
positive ratio (9.0% *2.2%) in the AFP-negative
mature hepatocytes present in the fibrotic liver tissue
(Fig. 2I). Collectively, these results indicated that the
AFP-expressing cells exhibit features of immature hepa-
tocytes® and possess high proliferative ability.

INCREASED JAGGED1
EXPRESSION IN
MYOFIBROBLASTS STIMULATED
NOTCH SIGNALING IN
ADJACENT AFP-EXPRESSING
CELLS

Because Sox9’ a downstream target molecule of
Notch signaling®®?*?%, was frequently co-expressed
in AFP-positive cells (Fig. 2A), we next examined the
relative gene expression levels of canonical Notch
ligands in normal and fibrotic liver tissues by real-time

FIG. 3. Activation of Notch signaling in AFP-positive cells by
the adjacent Jagged1-expressing myofibroblasts. (A) Relative gene
expression levels of Delta-like 1 (D/1), Delta-like 4 (DI/4),
Jaggedl (Jagl), and Jagged2 (Jag2) were compared between
untreated and CCly-treated fibrotic liver tissues. The values are
the means + SD from four mice (two males, two females) in each
group. An asterisk indicates that the difference between groups
was statistically significant (P < 0.05). Expression of Jaggedl,
AFP, and aSMA was examined by immunofluorescent staining
in (B) untreated and (C) CCl,-treated liver tissues. The arrows
indicate myofibroblasts co-expressing Jaggedl and aSMA. Scale
bars, 50 um. Expression of Hesl, AFP, and aSMA was also
examined in (D) untreated and (E) CCly-treated liver tissues.
The arrowheads and arrow indicate AFP-positive cells with and
without co-expression of Hesl, respectively. Scale bars, 50 um.
(F) Schematic representation of AFP-positive cells located
adjacent to Jaggedl-expressing activated myofibroblasts in fibrotic
liver. Abbreviation: DAPI, 4,6-diamidino-2-phenylindole.
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RT-PCR.®® The results indicated that the gene
expression of Jaggedl and Jagged2 was significantly
increased after repeated CCly injections, and JaggedI
gene expression was predominantly up-regulated in
fibrotic liver tissue (Fig. 3A). Immunofluorescent stain-
ing of Jaggedl further confirmed that, compared with
the normal liver tissue exhibiting few Jagged1-positive
cells (Fig. 3B), the protein was expressed predominantly
in «SMA-positive myofibroblasts present along the
fibrous septa (Fig. 3C). Interestingly, most AFP-
expressing cells were located adjacent to the Jaggedl-
expressing myofibroblasts (Fig. 3C). Consistent with
these findings, the expression of Hes1, the major effec-
tor of Notch signaling, was detected in 66.9% = 2.2 %
of AFP-positive cells present in fibrotic liver tissue (Fig.
3E), while its expression was restricted to ductal epithe-
lial cells and endothelial cells in the normal liver (Fig.
3D). These results suggested that in the fibrotic liver
Notch signaling is activated in most AFP-expressing
cells by Jagged1, which is expressed in adjacent myofi-
broblasts (Fig. 3F). To further assess the role of
myofibroblast-derived Jaggedl in the induction of
AFP-expressing cells, we also performed immunofluo-
rescent staining of Jaggedl, AFP, and «SMA in acute
liver injury models. While «SIMA -expressing myofibro-
blasts detected in the CCly-induced centrilobular
necrotic areas co-expressed Jaggedl, similarly activated
aSMA-positive cells did not express significant levels of
Jagged1 after a single thioacetamide injection (Support-
ing Fig. S1). A small number of AFP-positive cells
were observed around the necrotic areas only in the
CCly model, indicating the close association between
the Jagged1 signal derived from activated myofibroblasts
and the induction of AFP-expressing cells (Supporting
Fig. S1).

LOSS OF JAGGED1 DECREASED
THE NUMBER OF AFP-
EXPRESSING CELLS WITHOUT
INFLUENCING THE EXTENT OF
FIBROSIS OR DUCTULAR
HYPERPLASIA

Because the results obtained so far indicated the
possible role of Notch signaling in the induction
of AFP-positive cells in the fibrotic liver, we used
poly(I):poly(C)-inducible Jaggedl c¢KO mice for
subsequent experiments. Following intraperitoneal
poly(I):poly(C) injections, both Jagged1 ¢KO mice and
control Mx-Cre-negative littermates received repeated

NAKANO ET AL.

CCl; administration to induce liver fibrosis. PCR
detection of the wild-type and deleted alleles (Support-
ing Fig. S2A) and immunofluorescent staining of Jag-
gedl (Supporting Fig. S2B,C) confirmed the efficient
ablation of Jagged in poly(I):poly(C)-treated Mux-Cre-
positive Jagged1””"* mice. There was no difference
between the control and Jaggedl cKO mice in the
extent of liver fibrosis estimated based on sirius red
staining (Fig. 4A-C). Real-time RT-PCR analyses
quantifying the amounts of Co/Zal mRNA also
revealed no difference between the two groups of mice
(Fig. 4D). In contrast, both the number of AFP-
expressing cells (Fig. 4E-G) and the amount of Afp
mRNA (Fig. 4H) were significantly decreased in the
Jaggedl cKO mice compared with those in the control
mice. On the other hand, CK19 expression remained
unchanged by Jaggedl deletion when estimated by
either the number of CK19-positive cells, including
oval cells (Fig. 4I-K), or K779 mRNA levels (Fig.
4L). These results indicated that the lack of Jaggedl
primarily affects the induction of AFP-expressing cells
rather than influencing the ductular hyperplasia or oval
cell recruitment in the fibrotic liver. Therefore, we also
examined the correlation between Jaggedl expression
and AFP-expressing cell induction or ductular hyper-
plasia using several other models. Despite the remark-
able proliferation of CK19-positive cells and aSMA-
positive myofibroblasts, there were few AFP-positive
cells detected following feeding of a DDC diet or bile
duct ligation (Supporting Fig. S3). Importantly, few
Jaggedl-expressing myofibroblasts were observed in
these models (Supporting Fig. S3). These results sug-
gested that the levels of Jagged1 expression in activated
myofibroblasts may vary depending on the experimen-
tal models and that the induction of AFP-expressing
cells is quantitatively related with the Jaggedl expres-
sion levels in adjacent myofibroblasts independent of
the extent of ductular hyperplasia.

JAGGED1/NOTCH SIGNALING-
DEPENDENT MOBILIZATION
AND PROLIFERATION OF
AFP-EXPRESSING CELLS WERE
ASSOCIATED WITH PROLONGED
SURVIVAL AFTER PARTIAL
RESECTION OF FIBROTIC LIVER

In the next set of experiments, we evaluated the
impact of Jaggedl deletion on the mobilization and
proliferation of AFP-positive cells after 70% partial

221


http://onlinelibrary.wiley.com/doi/10.1002/hep4.1026/suppinfo
http://onlinelibrary.wiley.com/doi/10.1002/hep4.1026/suppinfo
http://onlinelibrary.wiley.com/doi/10.1002/hep4.1026/suppinfo
http://onlinelibrary.wiley.com/doi/10.1002/hep4.1026/suppinfo
http://onlinelibrary.wiley.com/doi/10.1002/hep4.1026/suppinfo
http://onlinelibrary.wiley.com/doi/10.1002/hep4.1026/suppinfo
http://onlinelibrary.wiley.com/doi/10.1002/hep4.1026/suppinfo
http://onlinelibrary.wiley.com/doi/10.1002/hep4.1026/suppinfo
http://onlinelibrary.wiley.com/doi/10.1002/hep4.1026/suppinfo

NAKANO ET AL.

aSMA/AFP/DAPI Sirius red w

CK19

HEPATOLOGY COMMUNICATIONS, May 2017

].z
O

Relative Col1a’ mRNA levels

Relative Sirius red-stained area

05
0.5
- 04 0
Control Jag1 cKO Control Jag1 cKO
3 * H " 2 *
Eny — ° —
£ 315
E g 1.5
2 ? z
8 E 1
2 Q
g =
< 1 Q
| 509
2 &
04 0
Control Jag1 cKO Control Jag1 cKO
25 N.S. L., 27 N.S.
;E — o —
@
£-0 < 151
z
(2]
=2 x
@ 15 €
5 2 M
g 10 &
Qo
-oc-’: 5 E 0.5 1
[°] [7]
z 4

04
Control Jag1 cKO Control Jag1 cKO

FIG. 4. Suppression of AFP-expressing cell mobilization in CCly-treated Jagged1l cKO mice. (A,B) Sirius red staining estimating the
extent of fibrosis; immunofluorescent staining of (E) «SMA and (F) AFP; and (I,]) immunohistochemical detection of CK19 were
performed using liver tissues obtained from (A,E,I) control and (B,F,]) Jaggedl cKO (Jag? ¢KO) mice. Statistical analyses were per-
formed to compare the differences between the two groups of mice in the (C) sirius red-stained areas, the numbers of (G) AFP-
positive and (K) CK19-positive cells, or the relative expression levels of (D) Co/1a1, (H) Afp, and (L) Krt19 mRNAs. The values are
the means = SD from (C,G,K) five mice (three males, two females) or (D,H,L) seven mice (three males, four females) in each group.
An asterisk indicates that the difference between groups was statistically significant (P < 0.01). Scale bars, 200 um in A and B, 50 um
in E and F, and 100 um in I and J. Abbreviations: DAPI, 4;6-diamidino-2-phenylindole; N.S., not significant.

hepatectomy of fibrotic liver. Immunofluorescent stud-
ies indicated that the number of AFP-positive cells
was significantly decreased in the fibrotic liver tissue of
Jaggedl cKO mice compared with that in control
littermates (Fig. 5SA-C) on day 2 after partial hepatec-
tomy. Furthermore, while a significant number of
AFP-expressing cells showed positive staining for bro-
modeoxyuridine (BrdU) in the regenerating fibrotic
liver of control mice (Fig. 5A,C,E), few cells were co-
stained with AFP and BrdU antibodies in Jaggedl
cKO mice (Fig. 5B,C,E). There was no difference in
the number of CK19-positive cells between the control
and Jagged1l cKO mice (Fig. 5D), and only a limited
number of CK19-positive cells were stained positively

tor BrdU in both groups of mice on day 2 after partial
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hepatectomy (Fig. 5D,E). These findings suggested
that Jagged1/Notch signaling stimulates the mobiliza-
tion and proliferation of AFP-positive cells but not
CK19-positive cells after partial resection of fibrotic
liver. In contrast to these results obtained with fibrotic
mice, no AFP-positive cells were detected in the
regenerating nonfibrotic liver tissue from either control
or Jaggedl cKO mice without CCl, intoxication
(Supporting Fig. S4). To further assess the functional
relevance of AFP-expressing cells in fibrotic liver
regeneration, we compared the survival rates for 7 days
after 70% partial hepatectomy between Jaggedl cKO
mice and the control littermates. In the absence of
AFP-positive proliferating cells, the survival rate of
CCly-treated Jaggedl cKO mice was significantly
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FIG. 5. Suppression of mobilization and proliferation of AFP-positive cells after partial hepatectomy in CCly-treated Jaggedl cKO
mice. Cell proliferation was evaluated by BrdU staining in regenerating fibrotic liver 48 hours after partial hepatectomy. BrdU
(100 umol/kg body weight) was injected intraperitoneally 2 hours before excising the liver. Costaining of AFP and BrdU together
with DAPI nuclear staining was performed using liver specimens obtained from (A) CCly-treated control and (B) Jagl cKO mice.
The arrowheads and arrows indicate AFP-expressing cells with and without BrdU costaining, respectively. Scale bars, 100 um. The
total numbers of (C) AFP-positive or (D) CK19-positive cells with or without BrdU co-expression and (E) the relative ratio of each
cell population in BrdU-positive cells were compared between control and Jagl cKO mice as described in Fig. 1. The values indicate
the means = SD from three mice in each group (two males, one female). An asterisk indicates that the difference between groups was
statistically significant (P < 0.01). Abbreviations: DAPI, 4)6-diamidino-2-phenylindole; N.S., not significant.

lower than that of the control animals that had been
treated similarly with repeated CCly injections
(Fig. 6). In contrast, all Jaggedl cKO mice without
CCly intoxication survived up to day 7 after 70%
partial hepatectomy, as did the control untreated
littermates (Fig. 6).

JAGGED1/NOTCH2 SIGNALING
STIMULATED AFP AND SOX9
EXPRESSION IN PRIMARY
CULTURED HEPATOCYTES

Although AFP-positive cells expressed hepatocyte-
such as albumin and Hnf4o

specific markers,

(Fig. 2D,F), their location was distant from the peri-
portal areas where oval cells exist (Fig. 1B). These
findings suggested that these cells might be different
from the oval cell-derived hepatocytes®® and possibly
represent a unique and distinct cell population con-
verted from mature hepatocytes by Jagged1 stimulation
from adjacent myofibroblasts. To test this hypothesis
in vitro, primary hepatocytes were cocultured with qui-
escent or activated HSC. HSC underwent activation
during culture on a collagen type I-coated dish for 7
days estimated by the relative expression levels of glial
fibrillary acidic protein (GFAP) and «SMA (Fig. 7A).
Consistent with the results of iz vive immunostaining
shown in Fig. 3C, Jaggedl expression was up-
regulated in activated HSC cultured for 7 days
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FIG. 6. Reduced survival after partial hepatectomy in CCly-
treated Jaggedl cKO mice. Control (solid lines) and Jaggedl
cKO mice (dotted lines) either untreated (blue) or treated with
repeated CCly injections (black) were subjected to 70% PHx.
Survival rates were compared between control and Jaggedl cKO
mice (five mice: three males, two females) in each untreated
group and seven animals (three males, four females) in each
CCly-treated group. An asterisk indicates that the survival rate of
CCly-treated Jagl cKO mice was significantly lower than that in
the CCl,-treated control animals (P< 0.05). Abbreviation: PHx,
partial hepatectomy.

compared to that in quiescent cells cultured for only 1
day (Fig. 7A). Immunofluorescent staining and real-
time RT-PCR analysis failed to detect AFP produc-
tion or Afp mRNA expression, respectively, in these
cultured HSC (data not shown). The amounts of AFP
and Sox9 proteins were significantly increased in pri-
mary hepatocytes cocultured with activated HSC com-
pared to those with quiescent HSC (Fig. 7B). In
parallel to the increased AFP production, Afp gene
expression levels were significantly higher in hepato-
cytes cocultured with activated HSC than those with
quiescent HSC (Fig. 8A). This elevation of Afp gene
expression levels was completely suppressed by adding
gamma secretase inhibitor IX, an inhibitor of Notch
signaling®”) into the culture media (Fig. 8A). Cocul-
ture experiments were also performed using HSC
obtained from either control or Jaggedl cKO mice.
Efficient Jaggedl deletion was confirmed by PCR
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analysis (Supporting Fig. S5A) and the lack of Jagge-
dlexpression in activated HSC derived from Jaggedl
cKO mice (Supporting Fig. S5E). Immunofluorescent
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FIG. 7. Induction of AFP and Sox9 expression in primary hepa-
tocytes cocultured with activated HSC. (A) Expression of Jag-
gedl, «SMA, and GFAP was analyzed by immunofluorescent
staining in quiescent HSC cultured for 1 day (left) or activated
cells cultured for 7 days (right) on collagen type I-coated dishes.
Scale bars, 25 um. (B) Immunofluorescent analysis for AFP and
Sox9 in primary hepatocytes cocultured with either quiescent
HSC (left) or activated HSC (right). Expression levels of AFP
and Sox9 proteins were semiquantified by readout of positive pix-
els using Image] software. An asterisk indicates that the differ-
ence between groups was statistically significant (P < 0.01). Scale
bars, 25 um. Abbreviation: DAPI, 4;6-diamidino-2-phenylindole.
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FIG. 8. Regulation of 4fp gene induction in primary hepatocytes by Jagged1/Notch2 signaling. (A) Primary hepatocytes isolated from
wild-type mice were cocultured with either quiescent or activated HSC in a mixed condition in the presence of DMSO or 10 uM
GSI for 36 hours. (B) Primary hepatocytes isolated from wild-type mice were cocultured with HSC derived from either control or
Jagl cKO mice for 36 hours. (C) Primary hepatocytes isolated from either wild-type or Notch2 ¢KO mice were cocultured with the
wild-type HSC for 36 hours. Afp gene expression levels were quantified by real-time RT-PCR. The values indicate the means + SD
from four samples in each group and represent two or three independent experiments. An asterisk indicates that the difference
between groups was statistically significant (P < 0.01). Abbreviations: DMSO, dimethyl sulfoxide; GSI, gamma secretase inhibitor IX;

N.S., not significant.

staining of GFAP and «SMA (Supporting Fig. S5B-
E) as well as quantitative RT-PCR analysis of Acza2,
Collal, and Gfap gene expression (Supporting Fig.
S5F-H) indicated the same extent of iz vifro activa-
tion of HSC derived from Jagged1 cKO mice and the
control animals. The induction of Afp gene expres-
sions in primary hepatocytes cocultured with activated
control HSC was not observed when the same hepa-
tocytes were cocultured with activated Jaggedl cKO
HSC (Fig. 8B). Similarly, the induction of Sox9 gene
expression in hepatocytes was significantly reduced by
adding gamma secretase inhibitor IX (Supporting
Fig. S6A) or coculture with Jagged1 cKO HSC (Sup-
porting Fig. S6B). Conversely, when primary hepato-
cytes obtained from Notch2 cKO mice were
cocultured with wild-type activated HSC, the induc-
tion of Afp (Fig. 8C) and Sox9 (Supporting Fig. S6C)
gene expression was completely suppressed compared
with hepatocytes derived from the control littermates.
On the other hand, gene expression of ductal lineage
markers, such as CK19 and Hnf1p, was not induced
by coculture with activated HSC (Supporting Fig.
S6A-C). Collectively, the results of these in witro
studies suggested that the AFP-expressing cells
observed in the fibrotic liver tissue iz vivo might be

derived from mature hepatocytes via Jagged1/Notch2

signaling.

FORCED NICD2 EXPRESSION
INDUCED AFP EXPRESSION IN
HEPATOCYTES

In the last set of experiments, we examined the
effects of forced NICD2 expression in hepatocytes on
induction of HPC markers by injecting control vector
or Nicd2 expression plasmid through the tail vein.
Preferential gene transfer into Hnf4x-positive hepato-
cytes was confirmed by bicistronically expressed EGFP
fluorescence (Fig. 9A, D). Expression of the major
Notch effector Hes1 was increased in Hnf4o-positive
hepatocytes, and a small number of AFP-expressing
hepatocytes were induced only in mice that had been
injected with an Nicd2 expression plasmid (Fig. 9C,F)
but not in the control animals (Fig. 9B,E). Consistent-
ly, forced expression of NICD2 significantly increased
gene expression levels of Hesl and AFP as well as
another HPC marker Sox9 compared with the injec-
tion of the control vector (Fig. 9G). Interestingly,
NICD2 overexpression also stimulated K7719 gene
expression (Fig. 9G).
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Discussion

In this study, we demonstrate the mobilization of
AFP-expressing cells in CCly-induced liver fibrosis. A

series of immunohistological examinations of liver
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FIG. 9. Induction of AFP-
expressing hepatocytes by forced
expression of NICD2. Ten
milligrams of a control empty
vector or expression plasmid
encoding Nicd2 complementary
DNA was injected through the
tail vein into 5-week-old wild-
type female mice (approximately
20g body weight). (A,D) After
24 hours, excised liver tissues
were subjected to immunofluo-
rescence microscopic examina-
tion to confirm preferential
EGFP expression in Hnf4o-
positive hepatocytes. Expression
of (B,E) Hesl and (C,F) AFP
1 in Hnf4a-positive hepatocytes
was also examined using liver
tissues injected with either (A-
C) control vector or (D-F) an
Nicd2 expression plasmid. The
arrows indicate Hes1-positive or
AFP-positive cells with co-
expression of Hnf4o. Scale bars,
50 um. (G) Gene expression lev-
els of AFP, Sox9, CD44,
EpCAM, CK19, and Hnflf
were quantified by real-time RT-
PCR. The values indicate the
means = SD from three female
mice in each group. An asterisk
indicates that the difference
between groups was statistically
significant (P<0.05). Abbrevia-

tion: N.S., not significant.
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tissues indicate that the AFP-expressing cells exhibit
features of immature hepatocytes and possess a high
proliferative ability. The induction of AFP-expressing
cells is regulated by Notch signaling, and adjacent
myofibroblasts enhance this process by expressing one
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of the Notch ligands, Jagged1. Experiments using Jag-
ged1 cKO mice indicate that the Jagged1/Notch signal
turther enhances the mobilization and proliferation of
AFP-expressing cells after partial resection of fibrotic
liver. Moreover, in wvitro coculture experiments with
primary hepatocytes and HSC suggest that these
AFP-expressing cells might be derived from mature
hepatocytes. Consistent with this hypothesis, forced
NICD2 expression in normal liver induced a small
number of AFP-expressing hepatocytes in vivo.

Notch signaling is essential for maintaining the
stem cell niche in various organs.?*" Regarding its
functions in the liver, it was originally implicated in
the regulation of the terminal differentiation of HPCs
into biliary epithelial cells®® and/or ductal structure
formation in liver development.(32'34) Consistently,
mutations in Jagged] or its major receptor gene Nozch2
lead to Alagille syndrome in humans, which is charac-
terized by abnormal formation of the ductal network,
causing jaundice.®* In addition to such a fundamental
role in fetal liver development, several recent studies
have indicated another functional role of Notch signal-
ing in ductular hyperplasia (so-called pseudoductal
reaction) induced by feeding of a DDC diet and the
biliary type of liver injury.®®*” In contrast to those
studies, the results of the present study showed that
the extent of ductular cell proliferation was not altered
by Jaggedl deletion in CCly-induced fibrotic liver tis-
sue (Fig. 41-K). In addition, our preliminary experi-
ment using Jaggedl cKO mice fed a DDC diet
indicated that the extent of ductular hyperplasia was
not affected by the lack of Jagged1 (data not shown).

In the previous studies, the contribution of Notch
signaling to the pseudoductal reaction was suggested
by using gamma secretase inhibitors and mice either
overexpressing NICD1 or lacking the Notch target
molecule Hes1.%%3® Therefore, it is unknown which
Notch ligand(s) plays a central role in DDC diet-
induced ductular hyperplasia. We therefore examined
Jagged1 expression in the DDC diet and bile duct liga-
tion models and failed to detect Jaggedl expression in
aSMA-positive myofibroblasts despite remarkable
ductular proliferation and periportal fibrosis (Support-
ing Fig. S3). Although we need to rule out the possi-
bility that Jagged1 is expressed temporally in an earlier
or later stage of fibrosis in these models, we speculate
that Jaggedl expression is not essential for inducing
ductular hyperplasia in adult liver. Alternatively,
another Notch ligand, such as Jagged2, may compen-
sate for the Jaggedl deletion in the pseudoductal reac-
tion in Jagged1 cKO mice.

NAKANO ET AL.

Jagged1/Notch signal-induced mobilization and
proliferation of AFP-expressing cells were associated
with prolonged survival after partial hepatectomy in
CCly-treated fibrotic mice (Fig. 6). In contrast, the
lack of Jaggedl did not affect the survival rate after
partial resection of nonfibrotic liver, when HPCs are
not recruited for liver regeneration. These results
therefore suggest that AFP-positive proliferating cells
may contribute, at least in part, to fibrotic liver regen-
eration. Meanwhile, the limitation of use of an Mx-
Cre recombination that induces Jaggedl deletion in a
non-cell type-specific manner has to be carefully
considered. A recent study has implicated Jaggedl
expression in macrophages,”? and the lack of Jagged1
expression in many types of cells, including immune
cells, may have influenced the results obtained in the
present study. Work is in progress in our laboratory to
establish a myofibroblast-specific model of Jaggedl
deletion.

A previous study reported that AFP-expressing cells
were induced by feeding of a methionine-deficient and
choline-deficient ethionine-supplemented ~ diet.“”
However, in contrast to the results of the present
study, the AFP-positive cells reported previously did
not express Sox9, a downstream target molecule of
Notch signaling. In addition, our preliminary experi-
ment indicated that the AFP-positive cells induced by
the same methionine-deficient and choline-deficient
ethionine-supplemented diet were not in contact with
the «SMA-positive myofibroblasts (data not shown),
which differs from the findings obtained with the
CCly-induced liver fibrosis model (Fig. 3). Taken
together, we conclude that AFP-expressing cells
observed in fibrotic liver tissue exhibit heterogeneous
phenotypes and differential Notch signal dependency.

It should be noted that the AFP-expressing cells
observed in the fibrotic liver tissue did not express
either HPC markers (CD44 and EpCAM) or ductal
lineage markers (CK19 and Hnflf). Furthermore,
Krt19 or Hnf1b gene expression was not up-regulated
in primary hepatocytes following coculture with acti-
vated HSC (Supporting Fig. S6); nor did the AFP-
expressing hepatocytes differentiate into ductal cells
using our established differentiation system™" (data
not shown). These results suggest that the AFP-
expressing cells induced by repeated CCly injections
do not have the full potential as bipotent HPCs. On
the other hand, forced NICD2 expression in normal
liver significantly increased gene expression of not only
the HPC markers, such as AFP and Sox9, but also a
ductal lineage marker CK19 (Fig. 9G). A recent study
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has shown the conversion of terminally differentiated
hepatocytes to bipotent AFP-positive HPCs with
regenerative capacity by adding a chemical cocktail to
the culture media.*? It is therefore possible that the
AFP-expressing immature hepatocytes observed in the
present study acquire the ability to differentiate into
both hepatocytes and cholangiocytes in certain experi-
mental conditions. From this point of view, further
studies, such as cell-fate tracing experiments, are need-
ed to determine both the origin and functional rele-
vance of the AFP-expressing cells in fibrotic liver
regeneration in wvivo. It is also important to examine
whether the same type of cells are present in human
fibrotic liver tissue. These studies will lead to a better
understanding of the molecular and cellular mecha-
nisms responsible for regeneration of the fibrotic liver
and may eventually contribute to the establishment of
a novel therapeutic strategy for intractable liver
cirrhosis.
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