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FGF7 is a functional niche signal required
for stimulation of adult liver progenitor
cells that support liver regeneration
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‘The liver is a unique organ with a remarkably high potential to regenerate upon injuries. In severely damaged
livers where hepatocyte proliferation is impaired, facultative liver progenitor cells (LPCs) proliferate and are
assumed to contribute to regeneration. An expansion of LPCs is often observed in patients with various types
of liver diseases. However, the underlying mechanism of LPC activation still remains largely unknown. Here we
show that a member of the fibroblast growth factor (FGF) family, FGF7, is a critical regulator of LPCs. Its
expression was induced concomitantly with LPC response in the liver of mouse models as well as in the serum
of patients with acute liver failure. Fgf7-deficient mice exhibited markedly depressed LPC expansion and higher
mortality upon toxin-induced hepatic injury. Transgenic expression of FGF7 in vivo led to the induction of cells
with characteristics of LPCs and ameliorated hepatic dysfunction. We revealed that Thyl* mesenchymal cells
‘produced FGF7 and appeared in close proximity to LPCs, implicating a role for those cells as the functional LPC

niche in the regenerating liver. These findings provide new insights into the cellular and molecular basis for LPC -

regulation and identify FGF7 as a potential therapeutic target for liver diseases.
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In the liver, hepatocytes and cholangiocytes (bile duct
epithelial cells [BECs]) are the only two epithelial cell line-
ages among various types of the constituent cells. Cells
that give rise to both hepatocytes and BECs are generally
regarded as bipotential liver progenitors or stem cells. In
liver development, hepatoblasts emerging from the fore-
gut endoderm fulfill this criterion and are thus consid-
ered to be fetal liver stem/progenitor cells (Tanimizu and
Miyajima 2007). During adult liver homeostasis, liver
maintenance is achieved by cell division of mature he-
patocytes and BECs (Ponder 1996). It is important to note
that the adult liver can regenerdte under conditions of
massive parenchymal loss. After surgical removal or partial
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hepatectomy (PHx), residual mature hepatocytes restore
the liver mass. The contribution of liver stem/progenitor
cells to regeneration seems to be minimal if any in this
type of liver injury (Michalopoulos and DeFrances 1997,
although several recent studies have suggested the pres-
ence of newborn hepatocytes originating from sources
other than pre-existing hepatocytes (Furuyama et al. 2011;
Iverson et al. 2011; Malato et al. 2011). In contrast, when
the liver is severely damaged, as in the case of hepatocyte-
selective proliferation defect caused by some drugs or
toxins, the contribution of adult liver progenitor cells
(LPCs) is assumed {Fausto 2004; Knight et al. 2005; Bird
et al. 2008; Duncan et al. 2009). The LPCs are a cell
population with a high nuclear/cytoplasmic ratio and
are known as “oval cells” in rodent models because of
their ovoid appearance (Farber 1956). Upon liver damage,
LPCs emerge from periportal regions, proliferate exten-
sively, migrate into the hepatic lobule, and are considered
to differentiate into both hepatocytes and BECs (Fausto
2004; Knight et al. 2005). As these types of progenitor
cells are not observed in the uninjured liver, they are
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often referred to as facultative stem/progenitor cells in
the adult liver (Alison et al. 1996; Yanger and Stanger 2011).

There are several experimental models to induce LPCs.
In mice, 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC)
diet and choline-deficient, ethionine-supplemented (CDE)
diet models are often used (Preisegger et al. 1999; Akhurst
et al. 2001). The LPC response, also termed as ductular
reaction, has been found in human chronic liver diseases
and severely injured livers, such as acute hepatitis, ful-
minant hepatitis, cholestatic disorders, and liver cancers
(Libbrecht and Roskams 2002; Turanyi et al. 2010). This
suggests that LPCs are broadly activated to restore the
function of the liver when mature hepatocytes fail to

proliferate. Despite previous notions that the degree of
~ the LPC response correlates with the severity of liver
disease (Lowes et al. 1999, it has not been demonstrated
whether LPCs indeed engage in liver regeneration. In
addition, the underlying mechanism of the activation of
LPCs still remains largely unknown.

As liver injuries accompanying the LPC responses are
usually associated with inflammation and fibrosis, inter-
action between LPCs and multiple other cell populations,
such as immune cells and fibroblastic cells, has been
postulated. In many cases of adult stem/progenitor cell
regulation, the importance of the extracellular signals
provided by the surrounding cells, forming the so-called
stem cell niche, are well recognized. However, little has
been documented as to whether and how the LPCs are
regulated by the niche signals. Cell-to-cell interactions
involve paracrine growth factors and cytokines that can
be grouped into several major families (Gerhart 1999,
among which the fibroblast growth factor (FGF) family is

one of the best characterized. FGFs constitute a family of

growth factors that have diverse activities in develop-
ment and adulthood. It has been reported that FGF sig-
nals participate in tissue development and organization,
branching morphogenesis, angiogenesis, and wound re-
pair, -as well as the regulation of stem cell systems in
various organs (Itoh and Ornitz 2008; Turner and Grose
2010). The mammalian FGF family is classified as para-
crine (canonical) ligands, endocrine ligands, and FGF
homologous factors. The paracrine FGF families can be
further subdivided into five subfamilies—FGF1/2, FGF3/
7/10/22, FGF4/5/6, FGF8/17/18, and FGF9/16/20—in mice
and humans. There are four members of the FGF receptor
family: FGFR1, FGFR2, FGFR3, and FGFR4. Since FGFR1,
FGFR2, and FGFR3 each have splice variant isoforms “b”
and “c,” seven different FGFR subtypes can be expressed. It
is known that their specific functions are achieved by
spatially and temporally regulated expression patterns of
particular ligands and receptors; for example, the FGF3/7/
10/22 subfamily ligands are typically expressed by mesen-
chymal cells and exert their effects through the cdgnate
receptor FGF receptor 2 isoform IIIb (FGFR2b), whose
expression is restricted in epithelial cells (Steiling and
Werner 2003).

In the present study, we aimed at elucidating the cellular
and molecular framework that underlies the LPC reg-
ulation upon liver injury. Based on the characteristic
expression profile and the results of in vivo functional
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analyses, we found evidence that FGE7 is an essential
signal for induction of the LPC response and contributes
to the progenitor-dependent liver regeneration.

Results

Thy1* cell population is a candidate for the LPC niche

As previous studies have suggested that nonepithelial
populations such as mesenchymal cells and immune cells

. reside near and around LPCs (Paku et al. 2001; Knight

et al. 2007; Strick-Marchand et al. 2008), we suspected
that those cells may functionally interact with LPCs and
provide a putative LPC niche. To identify and character-
ize such an LPC-niche interaction, we first induced the

. LPC response in the mouse liver with a well-established

protocol of the hepatotoxin DDC diet application
(Preisegger et al. 1999). Cytokeratin 19* (CK19") LPCs
expanded from around the portal vein after liver damage
by feeding DDC diet {Fig. 1A). Immunostaining of the
liver sections with several cell surface markers led to the
finding that a Thyl* cell population appeared in close
proximity to LPCs in DDC-induced liver damage (Fig. 1A).
We selected and focused on this marker for further
analysis, as its expression in injured livers has also been
described in rats and humans {Dezso et al. 2007; Yovchev
et al. 2009). An established marker for fibroblastic cells
(Elastin) and a stellate cell marker (Desmin) partially over-
lapped with the Thyl™ area (Supplemental Fig. S1A B).
Quantitative analysis of the Thyl and CK19 immuno-

staining revealed that the expansion of Thy1* cells occurred

prior to LPC activation (Fig. 1B). Thus, we presumed that
Thyl* cells could provide a niche for LPCs that allows
them to proliferate.

We sought to identify the nature of the niche signals for
LPCs possibly provided by Thyl* cells. Among several
major groups of paracrine factors, we especially focused
on the FGF family because an LPC-specific marker, Trop2
(Okabe et al. 2009), has previously been reported as a
target gene of FGF10 in lung development (Lu et al. 2005).
We analyzed expression patterns of all of the paracrine
Fgf ligands and found Fgf7 to be highly expressed, while
we could not detect any expression of Fgf10 or Fgf3/22
belonging to the same subfamily {Supplemental Fig. S2).
The expression of Fgf7 was increased significantly during
the time course of DDC-induced liver damage, along with
that of Epcam and Krt19, encoding the LPC/BEC markers
epithelial cell adhesion molecule (EpCAM) and CK19,
respectively (Fig. 1C). Accordingly, expression of FGF7
protein was barely detected in normal livers but was
markedly induced in the vicinity of LPCs after DDC (Fig.
ID,F). Intriguingly, some Thyl* cells costained with
FGF7 in the injured liver (Fig. 1E). We also examined a
recovery model for liver injury, where mice were initially
fed a DDC diet for 4 wk and then returned to the normal
diet for another 2 wk (Supplemental Fig. S3). In this
injury/recovery setting, the overall level of Fgf7 expres-
sion strongly correlated with that of the LPC response as
well as the progression of liver damage as measured by
serum markers. These results suggest that FGF7 is a
strong candidate for the niche signal for LPCs.
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Figure 1. FGF7 expression in the damaged liver is up-regulated around LPCs. (A) Liver sections prepared from DDC diet-fed mice were
subjected to immunofluorescent double-staining analysis. Thyl* cells {green) were observed in the immediate vicinity of CK19* LPCs
(red) during the course of LPC activation. Bars, 80 wm. (PV) Portal vein. (B) Thyl- and CK19-positive areas were increased in the DDC-
treated livers, as determined by quantitative analysis of immunofluorescence-stained images. Mean =+ SD (n = 3). (***] P < 0.001; (**}
P <0.01; {*) P <0.05, compared with normal liver [0 wk). (C) Total RNA was isolated from whole-liver samples of normal diet-fed {0 wk)
or DDC diet-fed mice, reverse-transcribed, and subjected to quantitative PCR analyses to determine expression of the LPC markers
Epcam and Krt19, the mesenchymal cell marker Thy1, and Fgf7. Expression was normalized to that of Gapdh. Mean = SD (n = 3). {***)
P <0.001; (**} P <0.01; {*) P < 0.05, compared with the value at 0 wk. {D,E) Confocal immunofluorescence images of the livers show
that FGE7 (green) protein localized in the proximity of EpCAM* LPCs (D, red) and colocalized with Thyl* mesenchymal cells (E, red) in
the periportal region in injured livers. Bars, 50 wm. {PV) Portal vein. {F) Expression of FGF7 protein was increased in the DDC-treated
livers, as determined by quantitative analysis of immunofluorescence-stained images of at least 11 periportal fields from three livers for

each time point. Mean = SE. {***} P < 0.001; (**) P < 0.01.

LPCs receive the FGF7 signal from Thy1* mesenchymal
cells

To determine whether FGF7 can act on LPCs directly, we
analyzed the expression of the FGF7 receptor FGFR2b in
LPCs. In situ hybridization analysis of liver sections
detected expression of the Fgfr2 transcript in the CK19*
LPC population (Fig. 2A). To validate expression of the
cognate isoform for FGF7, EpCAM™* LPCs and EpCAM™
cells were isolated from the nonparenchymal cell (NPC)
population of the DDC-treated liver and immunostained
with a IMIb isoform-specific anti-FGFR2 antibody. We de-
tected strong expression of FGFR2b in EpCAM™ cells but
not in EpCAM™ cells (Fig. 2B,C).

We next performed quantitative PCR analysis using
specific cell populations to further confirm the FGF7-
producing cells and their target cells. Hepatocyte, NPC,

EpCAM* LPC, Thyl* CD45™ cell {Thyl* MC [for mesen-
chymal cell]) (see below), Thyl* CD45" cell (T-cell), and
Thyl™ CD45" cell (blood cell} fractions were isolated
from the livers of mice fed DDC. We checked for adequate
cell separation by the specific expression of each marker
(Supplemental Fig. S3A). As expected from the aforemen-
tioned immunostaining patterns, Fgf7 and Fgfr2 isoform
Ilb were detected in Thyl* MC and LPC fractions, respec-
tively (Fig. 2D). These results suggest that FGF7 signal
may function directionally from Thyl* CD45~ cells to
LPCs. The Thyl* CD45™ cells strongly expressed Elastin
{EIn), nerve growth factor receptor {Ngfr; p75NTR} and a
smooth muscle actin (Acta2; a-SMA), which are markers
for fibroblastic cells, hepatic stellate cells, and myofi-
broblasts, respectively (Fig. 2D; Supplemental Fig. S4A).
Thus, they are considered to be a mesenchymal cell pop-
ulation and distinct from T-cell populations. We also
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Figure 2. FGF7 signal emanates from Thyl™ cells and acts on
LPCs. (A, left panel} Liver sections prepared from mice fed DDC
diet for 3 wk were subjected to in situ hybridization analysis for
Fgfr2 expression. (Right panel) The same section was subse-
quently overlaid with immunohistochemical staining using
anti-CK19 antibody to confirm its expression in LPCs. Bars,
200 pm. (B,C) EpCAM™" and EpCAM™ cells were sorted from
NPCs in the livers of the mice fed the DDC-containing diet for 5

wk. Cytospin preparations of these cells were stained for

FGFR2b (green) and EpCAM (red). Representative images are
shown in B, and the result of quantitation are shown in C
(EpCAM™, n = 980; EpCAM*, n = 1454). Mean * SD. Bars, 40
pm. (***) P < 0.001. (D) Hepatocyte, NPC, EpCAM" cell (LPC),
Thyl™ CD45~ mesenchymal cell (Thyl*™MC), Thyl* CD45*%
T-cell (T-cell), and Thyl™ CD45™" cell {(blood cell, excluding T-cell)
fractions were isolated from the livers of DDC-treated mice.
Expression of the indicated genes was examined by quantitative
RT-PCR. Mean * SD {n = 3). (*) Significantly different from
each of the other five fractions (ANOVA, with Tukey post hoc
tests, P < 0.05).
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performed genetic lineage tracing experiments using an
Alfp-Cre transgenic (Tg) mouse strain, where expression
of the Cre recombinase occurred in fetal hepatoblasts
and adult hepatocytes and hence enabled us to label and
track their descendants. After DDC injury, hepatocytes,
BECs, and LPCs were virtually all lineage-labeled. Thy1*
cells, on the other hand, were of a distinct lineage from
liver epithelial cells (Supplemental Fig. $4B,C).

FGF-binding protein 1 (FGFBP1) is a soluble protein
that can bind a subset of FGFs, including FGF7, and en-
hance their activities (Beer et al. 2005). Previous studies
on skin and renal tube regeneration have shown FGFBP1
to be expressed in epithelial cells rather than mesenchy-
mal cells and to be a target of FGF7 signaling (Liu et al.
2001; Beer et al. 2005). Fgfbpl was almost exclusively
expressed in LPCs, which further strengthened the notion
that LPCs are the primary target of FGF7 signaling from
Thyl* cells (Fig. 2D).

Up-regulation of FGF7 is concurrent with expansion
of LPCs and Thy1* cells

We then examined the correlation of FGF7 with the
induction of LPCs and Thyl* cells in other models of
liver injury. First, ligation of the common bile duct (BDL)
in mice was used as a model for cholestatic liver disease.
FGF7 expression was increased in the BDL-manipulated
liver with the LPC response (Fig. 3A,B). As is the case
with DDC-induced liver injury, FGF7 in this model was
also produced predominantly in Thyl™ cells, while LPCs.
were the primary target for the signal by expressing the
receptor (Supplemental Fig. S5). Second, we checked the
activation of LPCs and expression of FGF7 in liver-
specific Takl-deficient (Alfp-Cre; Tak1/o¥/flox, “hereafter
referred to as Tauk1-LKO) mice. Loss of Tak1 in the liver
results in chronic inflammation and eventually leads
to fibrosis and carcinogenesis (Bettermann et al. 2010;
Inokuchi et al. 2010). It is thus considered a faithful model
for the progression of human liver diseases. We observed
apparent LPC response and expansion of Thyl™ cells in
8-wk-old Tak1-LKO mice (Fig. 3C). Concomitantly with
the increase of CK19-positive (Fig. 3E) and Thyl-positive
(Fig. 3F) areas, the expression of FGF7 was significantly
induced (Fig. 3D,G). Although the immunostaining re-
sults showed some colocalization of FGF7 with EpCAM*
LPCs, gene expression analysis using isolated cell frac-
tions confirmed that, also in this model, Fgf7 was mainly
produced in Thyl* cells but not in LPCs (Supplemental
Fig. S6). Finally, serum FGF7 levels were found to be
increased in human patients with liver diseases such as
fulminant hepatic failure and acute hepatitis (Fig. 3H),
which often accompany LPC activation. Together, these
data suggest that induction of FGF7 upon liver disorders
associated with the LPC response is generally conserved
in both rodents and humans.

FGF7 plays a necessary function as a niche signal
for induction of LPCs

To address the physiological relevance of FGF7 expres-
sion in the course of the LPC response, we used Fgf7
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knockout mice (Guo et al. 1996). They exhibit relatively
normal growth and are fertile, with some phenotypes
including defects in kidney development, postnatal thy-
mic regeneration, and neurogenesis in the hippocampus
(Qiao et al. 1999; Alpdogan et al. 2006; Terauchi et al.
2010; Lee et al. 2012). No liver phenotype during de-
velopment or in adulthood has been reported. In order to
analyze the LPC response in Fgf7 knockout mice, adult
littermates of wild-type and knockout mice were fed
a DDC-containing diet or subjected to BDL. We mea-
sured the degree of LPC activation by CK19 immuno-
staining and confirmed that CK19" LPC numbers were
increased by DDC or BDL in the wild-type liver {Fig. 4A H).
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FGF7 regulates liver progenitor cells

However, the LPC response was almost completely sup-
pressed in Fgf7 knockout mice (Fig. 4A,B,H,1). In contrast, -
quantitative analysis of the Thyl™ area in Fgf7 knockout
mice revealed little change when compared with the
wild-type control in both normal and damaged livers
(Fig. 4C,J). In other words, Thy1* cells were capable of ex-
panding in response to liver damage even in the absence
of FGF7 function, consistent with the notion that FGF7
acts directly on LPCs rather than upstream of Thy1* cells.
Ki67 or TUNEL staining with CK19 revealed that Ki67*
proliferating cells among the CK19* LPCs were signifi-
cantly decreased, although not completely abrogated, in
the knockout mice compared with the wild-type control,
while no statistically significant difference was observed
in the TUNEL" cell population (Supplemental Fig. S7).
These results suggest that the suppressed LPC response in
Fgf7 knockout mice can be attributed, at least in part, to
reduced proliferation of LPCs rather than augmented
induction of their apoptosis.

Fgf7 knockout mice were highly sensitive to DDC and
had a low survival rate, whereas the wild-type mice were
more resistant to hepatotoxin-induced liver injury (Fig. 4D).
Upon DDC administration, systemic symptoms were
obvious and generally more severe in the knockout than
in the wild-type control, including jaundice, hemorrhagic
diathesis, and weight loss, which are typically observed in
end-stage liver disease (Figs. 4E,F; data not shown). Gross
pathological and histopathological examinations of the
mice that survived at 11 wk of injury confirmed that liver
failure with severe leakage of bile into the liver vascula-
ture is the most plausible cause of death in Fgf7 knockout
mice, while no fatal abnormality was recognized in any
organs/tissues other than the liver (data not shown). We
also performed serum biochemical tests using the mice
fed DDC for 10 wk. The cholestasis markers total bili-
rubin (TBIL) and alkaline phosphatase (ALP) were both

Figure 3. FGF7-mediated LPC activation is conserved in sev-
eral liver injuries. (A,B) Liver samples prepared from sham-
operated {Sham) or BDL mice were subjected to the following
experiments. (A} Confocal immunofluorescent double staining
using anti-FGF7 (green) and anti-EPCAM (red} antibodies. Bars,
50 wm. (PV) Portal vein. (B) Quantitative RT-PCR analysis
of Fgf7 mRNA. Mean = SE (n = 3. {**} P < 0.0l. (C-G)
Liver samples from 8-wk-old liver-specific Tuk1-LKO (Alfp-Cre;
Tak1770119%) or control (Tak17°%/79%) mice were subjected to the
following experiments. (C) Representative images for immuno-
fluorescent double staining of CK19 (red) and Thyl (green). {PV)
Portal vein. Bars, 80 pm. (D) Confocal immunofluorescent
double staining using anti-FGF7 (green) and anti-EpCAM (red)
antibodies. Bars, 50 pm. (PV) Portal vein. {E) Quantitative image
analysis of CK19-positive area. Mean =+ SD (n = 3). (*] P < 0.05.
(F) Quantitative image analysis of Thyl-positive area. Mean =+
SD (n =3).(*) P <0.05. {G) Quantitative RT-PCR analysis of Fgf7
mRNA. Mean + SD (n = 3). {**) P < 0.01. {H} Serum FGF7 levels
in human samples. enzyme-linked immunosorbent assay
(ELISA) for human FGF7 was performed on serum samples
harvested from healthy controls {n = 6) and patients with
fulminant (n = 6) or acute (n = 43) hepatitis. The data are
presented as median (25-75 percentile).
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Figure 4. FGF7 is essential for LPC activation and liver re-

"generation in injured livers. Adult littermates of Fgf7 knock- ' .

out (KO) and wild-type (WT) mice were fed normal or DDC diet
(A-G) or subjected to BDL or a sham operation (H-]). (4,H)
Representative images for immunofluorescent double staining
of CK19 (red) and Thyl (green). Bars, 80 um. (PV] Portal vein.
(B,I) Quantitative image analysis of CK19-positive area. Mean *+
SD (n=3). (***) P <0.001; (NS) not significant. {C,]) Quantitative
image analysis of Thyl-positive area. Mean + SD (n = 3). (NS)
Not significant. {D) Kaplan-Meier survival curves of control
(wild-type, n = 23} and Fgf7 knockout (n = 21) mice given DDC,
showing that the lack of FGF7 leads to the increased mortality
after DDC feeding. Statistical analysis was performed using the
log-rank (Mantel-Cox) test. (E,F} Appearance of Fgf7 knockout
and wild-type mice fed DDC diet for 8 wk. (F) More severe
symptoms for jaundice, such as -yellow-colored skin, were
typically observed in the knockout animal. (G) Serum TBIL,
ALP, AST, and ALT levels were measured in control and Fgf7
knockout mice fed a normal (wild type, n = 3; knockout, n = 3)
or DDC-containing (wild type, n = 6; knockout, n = 3) diet for
10 wk. Mean = SE. [**) P<0.01; (*) P < 0.05; [NS) not significant.
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significantly increased in Fgf7 knockout mice (Fig. 4G).
At the same time, the level of the hepatocyte injury
marker alanine transaminase (ALT) was significantly ele-
vated in the knockout mice compared with the wild type,
and that of aspartate transaminase (AST) also trended
higher, but the difference was not statistically significant
(Fig. 4G). At that point, the LPC numbers in the knockout
mice could not keep up with those in wild-type mice
{Supplemental Fig. S8A-C). These results indicate that
the lack of FGF7 exacerbates damages in both hepato-
cytes and bile ducts and that the LPC response directly
correlates with liver function and survival of an organism
upon toxic insult. Taken together, we conclude that FGF7
is necessary for LPC activation in vivo at least in two dif-
ferent experimental models, and its expression and func-
tion may counter liver dysfunction.

Forced expression of FGF7 is sufficient to induce
expansion of the LPC population in vivo

We next performed gain-of-function experiments to fur-
ther explore the function of FGF7 in regulating the LPC
response. First, we examined the effect of FGF7 on LPCs
in vitro. We found that a recombinant FGF7 stimulated the
proliferation of HSCE], a cell line derived from EpCAM*
LPCs of adult mice (Okabe et al. 2009), in a dose-dependent
manner (Fig. 5A). To examine the effect of FGF7 in vivo,
we used Alfp-Cre; Rosa26-rtTA-IRES-EGFP; tetO-CMV-
FGF7 triple Tg mice in which overexpression of FGE7
in the liver is achieved by doxycycline (Dox) treatment
(Fig. 5B,C). A significant increase in CK19* LPC-like cell
numbers was observed in the periportal regions of the
triple Tg (hereafter referred to as FGF7 Tg) mouse livers
compared with control Alfp-Cre; Rosa26-rtTA-IRES-EGFP
double Tg mouse livers (Figs. 5D,E). These expanding cells
coexpressed other well-known LPC markers: A6, EpCAM,
and SOX9 (Fig. 5E; Supplemental Fig. S9A B). Notably, A6*
CK19~ cells, which can be regarded as a fraction of newly
formed hepatocytes (Engelhardt et al. 1990; Ishikawa et al.
2012), were clearly detected adjacent to A6* CK19* LPCs
in FGF7 Tg mouse livers as well as in DDC-injured livers
(Fig. 5D; Supplemental Fig. S6A}, implying that the cell
population induced by FGF7 has a potential to differentiate
to hepatocytes. '

Previous studies have shown that the extracellular
matrix {ECM]} plays an important role in regulating the
LPC response and liver regeneration {Boulter et al. 2012;
Espariol-Sufier et al. 2012). Immunostaining analysis of
the type I and type IIl collagen proteins revealed that
there was a significant accumulation of these ECM com-
ponents around the expanding LPCs in response to FGF7
overexpression, similar to the case observed in the livers
of DDC-treated animals (Fig. 5G). This strongly supports
the notion that the FGF7-induced LPC induction in the
normal liver faithfully recapitulates the phenomenon
that occurs under the pathophysiological conditions in
diseased livers. Meanwhile, the level of collagen gene
expression (Collal and Col3al for type I and type I col-
lagens, respectively) using the whole-liver mRNA sam-
ples showed no significant increase in the expression of
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Figure 5. Overexpression of FGF7 can induce the LPC response in the adult mouse liver. (4} The level of proliferation of HSCEI cells
was examined by WST-1 assay. Stimulation with epidermal growth factor (EGF) and hepatocyte growth factor (HGF) was used as
a control. Mean = SD (n = 3). {***] P < 0.001 compared with no cytokine treatment (0). {B) Quantitative RT-PCR analysis ‘was
performed to assess human FGF7 mRNA levels in the liver after 3 wk of Dox administration. Mean * SE (control, n = 3; Tg, n = 5). {**}
P <0.01. (C) Serum levels of human FGF7 protein after 3 wk of Dox administration were determined by ELISA. Mean + SE |control, n =
4; Tg, n = 6). (**) P < 0.01. (D) Immunostaining of CK19 {red) and Thy! {green) in the livers of FGF7 Tg mice and control mice treated
with Dox for 4 wk. Bars, 100 pm. {PV) Portal vein. (F) Quantitative analysis of CK19-positive areas showed an increased number of LPC-
like cells in FGF7 Tg mice treated with Dox for 4 wk. Mean * SD (n = 3). (**) P < 0.01. (F) Inmunostaining of CK19 (red) and A6 |green)
showed expansion of CK19" A6* LPCs in the livers of FGE7 Tg mice treated with Dox for 4 wk. CK19~ A6* newly formed hepatocytes
were also observed (arrowheads). Bars, 50 wm. (PV) Portal vein. (G} Immunostaining of CK19 (red) and collagen {green) in the livers of
FGF7 Tg and control mice, wild-type mice fed a normal diet, and DDC-treated wild-type mice. Bars, 100 um. {PV) Portal vein. (H)
Quantitative RT-PCR analysis of Collal and Col3a1 mRNA. Mean * SE (control, n=3; Tg, n=5; DDC, n=3). {**) P<0.01; (***} P <
0.001; (NS) not significant. (I) EpCAM™ cells were isolated from the livers of FGF7 Tg mice and control mice 3 wk after Dox treatment
and subjected to the in vitro colony formation assay. Mean =+ SD (n = 3). (**} P < 0.01; {***) P < 0.001. {J) Immunofluorescence images of
representative large colonies stained with anti-CK19 [green) and albumin (red). Bars, 200 pm.

either of these genes at the whole-organ level (Fig. 5H).
Thus, overexpression of FGF7 in the liver results.in local
deposition of ECMs associated with the LPC expansion
but does not lead to a global fibrogenic response in the
organ.

To further characterize the FGF7-induced LPC-like
population in terms of functional criteria, we next per-
formed clonogenic assays to evaluate its proliferative and
bilineage differentiation potentials in vitro. It has been
well documented that stem/progenitor cell activity of a
certain population of liver cells can be defined by their

capacity to generate large colonies that are capable of
expressing both hepatocyte and BEC lineage markers in
culture (Suzuki et al. 2008; Okabe et al. 2009; Dorrell
et al. 2011; Shin et al. 2011). When EpCAM" cells isolated
from the FGF7 Tg mice and the control mice were sub-
jected to in vitro colony formation assays (Okabe et al.
2009}, the EpCAM™* cells from the Tg mice formed col-
onies, including those composed of >100 cells (Fig. 51).
Immunostaining analyses confirmed that these large col-
onies were composed of both albumin-positive (the hepa-
tocyte marker) and CK19-positive {the LPC/BEC marker)
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cells, indicative of the bilineage differentiation in vitro
(Fig. 5]). Most importantly, the colony-forming rate for
both large and smaller colonies was significantly in-
creased in the FGF7 Tg mice. Thus, overexpression of
FGF7 in vivo in the mouse liver leads to expansion of
LPCs that are characterized by LPC marker expressions
~as well as clonogenicity and bipotency in vitro. Taken
together, we conclude that FGF7 alone is sufficient to gen-
erate a population of cells that are phenotypically and
functionally indistinguishable from LPCs.

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

Given the potent activity of FGF7 in promoting the LPC
response, we reasoned that application of this molecule
should exert some protective effect on the liver against
toxic insults. To test this possibility, the Tg mouse sys-
tem was used to start ectopic FGF7 expression by Dox
administration 1 wk after the onset of the course of DDC-
induced chronic liver injury (Fig. 6A). Under this condi-
tion, increases in the level of the cholestatic markers
TBIL and ALP were greatly reduced in FGF7 Tg mice
. compared with the control mice, with the severity of
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symptoms of jaundice being apparently reduced, which
means that bile duct obstruction was alleviated (Fig.
6B,C). At the same time, the levels of AST and ALT were
also significantly improved in FGF7 Tg mice, indicating
less hepatocyte injury by overexpression of FGF7 (Fig. 6C).
To further substantiate the notion that FGF7 does not
simply prevent the damage but rather reverses and im-
proves the symptoms of well-established chronic liver
failure, we performed similar experiments by starting
Dox administration to induce FGF7 expression in the
liver 3 wk after the onset of the DDC administration
(Supplemental Fig. SI0OA,B}. Again, serum biochemical
analyses showed decreased levels of both hepatocyte
injury and cholestasis markers, although the difference
was not statistically significant with regard to ALP (Sup-
plemental Fig. S10C). These data suggest that the severity
of the damage on both hepatocytes and BECs can be
relieved by an excess of FGF7 through the activation of
LPCs that are bipotential and hence capable of contrib-
uting to the recovery of both lineages.

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

Figure 6. Application of FGF7 improves both the
hepatocyte damage and cholestatic liver injury. (A)
Schematic representation of the experiment. Eight-
week-old FGF7 Tg and control mice were subjected
to the DDC-induced liver injury model or left un-
treated, and 1 wk later, Dox administration was
started for FGF7 induction. After 3 wk of treatment,
serum and liver samples were harvested for sub-
sequent analyses. (B) Serum TBIL, ALP, AST, and
ALT levels were measured in control and FGF7 Tg
mice fed a normal {control, n = 3; Tg, n = 3) or DDC-
containing (control, n=9; Tg, n = 7) diet. Mean = SE.
(***) P <0.001; (*) P < 0.05; (NS) not significant. (C)
Typical skin color (right foot) of the DDC-treated
animals at the end of the protocol, indicating that
FGF7 Tg mice suffered less from jaundice than

of livers from DDC-treated animals at the end of the
protocol. Bars, 200 pm. (PV) Portal vein. (E) Immuno-
staining of CK19 (red] and A6 {green) in the livers
of FGF7 Tg mice and control mice at the end of the
protocol. Note that A6* CK19™ newly formed hepa-
tocytes were increased in the livers of FGF7 Tg mice.
Bars, 100 pm. {PV) Portal vein.
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some of the Tg mice compared with the control (data not
shown). In the case of the mice fed DDC for 6 wk, some
morphological changes associated with the reacting duct-
ules were observed in the Tg mice, including thickened
epithelial layers and more dilated luminal structures
(Supplemental Fig. S10D,E). Most remarkably, immuno-
staining analyses revealed that A6* CK19~ newly
formed hepatocytes were dramatically increased around
the expanding A6 CK19" LPCs (Figs. 6E; Supplemental
Fig. S10E). This strongly suggests that overexpression of
FGF7 contributes to parenchymal regeneration by accel-
erating differentiation and production of hepatocytes
from LPCs in the DDC-induced liver injury model. In
conclusion, our results indicate that FGE7 secreted by
Thyl* cells mediates the activation of adult LPCs as a
niche signal and promotes progenitor cell-dependent liver
regeneration (Fig. 7).

Discussion

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

In general, tissue stem/progenitor cells are supported
and regulated by their surrounding microenvironment or

the stem cell niche. While several secreted molecules’

that participate in the LPC response have been reported
(Erker and Grompe 2007), their possible involvement as
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Figure 7. A model for regulatory mechanism of the LPC
response by FGF7. In injured livers, Thyl® mesenchymal cells
expand in the periportal area and produce FGF7. FGF7 contrib-
utes to liver regeneration by initiating the activation and pro-
liferation of LPCs as the functional niche signal.

FGF?7 regulates liver progenitor cells

niche signals has not been explored. This study provides
compelling evidence that Thyl™ periportal cells form the
niche for LPCs by residing in close proximity to LPCs and
producing a key regulatory factor, FGF7. Since FGF7-
producing Thyl* cells express markers for portal fibro-
blasts, hepatic stellate cells, and myofibroblast, we con-
sider that Thyl* cells are a heterogeneous population of
mesenchymal cells. Our data are consistent with a pre-
vious report that hepatic stellate cells express FGF7 in
chronic liver disease (Steiling et al. 2004). Although fur-
ther characterization of the Thyl™ cells is needed to give
a clear definition of the LPC niche, we hereby propose
that the stem cell niche is present in the adult liver under
the regenerating conditions. It has been reported that
Thy1* cells are also observed in the livers of patients with
fulminant liver failure accompanying the LPC response
{Dezso et al. 2007). In addition, high expression of FGF7 in
patients with chronic liver diseases (Steiling et al. 2004;
Otte et al. 2007) and in experimental rat models of hepatic
fibrosis (Murakami et al. 2011} were previously reported.
Thus, we predict that LPCs are regulated through the same
mechanism in humans as in rodents.

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

While it has long been documented that LPCs appear
and proliferate in injured and cancerous livers, whether
LPCs participate in regeneration has not been clear to
date. Our data, based on loss-of-function and gain-of-
function experiments with FGF7, demonstrate that the
level of LPC activation correlates with resilience and
survival in cases of severe liver injury and suggest that
LPCs practically contribute to liver regeneration. It is
formally not excluded that FGF7 may act directly on dam-
aged hepatocytes and/or BECs to cause some protective
effects, and further analyses will be required to discrim-
inate these possibilities. In either case, FGF7 can be
regarded as a highly effective molecule to reverse liver
damage. It has been reported that application of recombi-
nant FGF7 protein in mice results in enhanced expression
of detoxifying enzymes in the liver, while mice lacking
both FGFR1 and FGFR2 in hepatocytes show increased
mortality after PHx with impaired expression of those
enzymes (Bohm et al. 2010). PHx has generally been
regarded as the model for liver regeneration achieved by
compensatory proliferation of hepatocytes rather than by
LPCs, but several recent studies have implicated a possi-
ble involvement of the latter as well (Furuyama et al.
2011; Iverson et al. 2011; Malato et al. 2011). Although
the study by Béhm et al. (2010} did not mean to address
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the role of endogenous FGF7, it would be worth exploring
whether the potential beneficial effect of FGF7 observed
therein is attributable to ectopic activation of LPCs. An
N-terminally truncated form of FGF7, palifermin, has
already been approved.for the treatment of chemoradia-
tion-induced oral mucositis {Beaven and Shea 2007). In
spite of the ability of this drug to improve wound healing
responses, its potential for therapeutic application to hu-
man liver diseases has not been tested. Our present study
provides evidence that FGE7 or its derivatives may have
clinical implications for patients with hepatic dysfunc-
tion as well.

Materials and methods

Animals

Fgf7 knockout mice (Guo et al. 1996) were obtained from The
Jackson Laboratory. All of the experiments in this study were
performed on littermates derived from the mating of heterozy-
gotes. In order to generate liver-specific Takl-deficient mice
(Tak1-LKO mice), mice carrying floxed alleles of the Tak1 gene
(Tak270%/9%) (Satq et al. 2005), maintained by and obtained from
JCRB (Japanese Collection of Research Bioresources Cell Bank)
Laboratory Animal Resource Bank, NIBIO (National Institute of
Biomedical Innovation, Osaka), were crossed with Alfp-Cre Tg
mice (kindly provided by Dr. Klaus Kaestner, University of
Pennsylvania} (Zhang et al. 2005). For the FGF7 Tg mouse line
in which human FGF7 is overexpressed in the liver upon treat-
ment with Dox, the Alfp-Cre Tg mice, ROSA26-rtTA-IRES-
EGFP knock-in mice (obtained from The Jackson Laboratory)
{Belteki et al. 2005), and tetO-CMV-FGF7 Tg mice (kindly pro-
vided by Dr. Jeffrey A. Whitsett, Cincinnati Children’s Hospital
Medical Center) (Tichelaar et al. 2000) were crossed to prepare
Alfp-Cre; rtTA/+; FGF7 triple Tg mice. Littermates lacking the
FGF7 transgene (Alfp-Cre; rtTA/+) were used as a control. Dox
was administrated in drinking water (2 g/L} supplemented with
1% sucrose. For lineage tracing experiments, the Alfp-Cre Tg
mice were crossed with the R26R-EYFP reporter strain (Srinivas
et al. 2001). Wild-type C57BL/6] mice were purchased from
CLEA Japan, Inc. All animals were maintained under standard
SPF conditions. The experiments were performed according to
the guideline set by the institutional animal care and use com-
mittee of the University of Tokyo. Mouse LPCs were activated
by feeding with a 0.1% DDC-containing diet {F-4643, Bio-serv) or

. common BDL using a standard technique.

Antibodies

For immunohistochemistry, rat monoclonal antibodies against
mouse EpCAM (used at a dilution of 1:200; 552370) and Thyl
(1:200; 553011) were purchased from BD Bioscience. The goat

. anti-mouse albumin {1:100; A90-234A, Bethyl Laboratories),

rabbit anti-Desmin (1:400; ab8592, Abcam), rabbit anti-rat Elastin
(1:100; CL55041AP, Cedarlane), rabbit anti-GFP {1:50; G10362,
Life Technologies), rabbit anti-human Ki67 {1:200; NCL-Ki67p,
Leica), and rabbit anti-Sox9 (1:1000; AB5535, Millipore) anti-
bodies were also commercially obtained and used. A mixture of
rabbit anti-collagen type I {1:100; 2150-1410, AbD serotec) and
rabbit anti-collagen type 11 (1:300; ab7778, Abcam) was used to
detect collagen fibers. The rat anti-mouse CK19 (TROMA-IIIJ
was obtained from the Developmental Studies Hybridoma Bank
and used at 250 ng/mL. The rabbit anti-mouse CK19 antibody
(1:1000-1:2000) was raised as previously described (Tanimizu
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et al. 2003). The rabbit anti-FGF7 (1:100) and anti-FGFR2b (1:200)
antibodies were as described (Yamamoto-Fukuda et al. 2003). The
A6 antibody (1:10-1:20} was a generous gift from Dr. Valentina
Factor (National Institutes of Health). For flow cytometry, the rat
anti-EpCAM monoclonal antibody (1:500) was raised as described
previously (Okabe et al. 2009). The rat anti-mouse CD45 APC
antibody {1:100; 30-F11) was purchased from BD Bioscience. The
anti-Thyl antibody was the same as described above.

Histological analysis

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

Section in situ hybridization analysis

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

Cell preparation and flow cytometry

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

Quantitative RT-PCR

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

FGF7 regulates liver progenitor cells

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

Cell culture and proliferation assay

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

In vitro colony formation assay

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

Human FGF7 immunoassay

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

Statistical analysis

Data were analyzed and statistics were performed using unpaired

" two-tailed Student’s ¢-test unless otherwise indicated. Compar-

isons of gene expression in multiple liver cell fractions (Fig. 2D;
Supplemental Figs. S4A, S5, S6) were done using one-way anal-
ysis of variance (ANOVA] with subsequent Tukey tests. P < 0.05
was considered statistically significant.
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Abstract The present study assessed the direct effects of
IFNs on human astrocytes. Human astrocytes were exposed
' to human recombinant IFNs, and the proliferation of cells
was measured. Type I IFN receptor mRNA and protein
expression, the phosphoprotein levels of signaling mole-
cules including JNK, ERK1/2, IxB, p38MAPK, Stat3, and
the expression of cytokines were determined respectively.
In addition, cellular glucose consumption was measured as
well as Glut-1 protein and activation of GSK-38/mTOR
signal were determined. The expression of Type I IFN
receptor was detected in cultured human astrocytes.
2 IU/ml IFNo2a and IFNe2b significantly decreased the
proliferation of human astrocytes respectively, compared to
control. IFNS had no significant effect on the proliferation
of the cells. The phosphorylation of JNK stimulated by all
IFNs detected was more pronounced and sustained than
ERK1/2 and IxB. No effects were observed on the acti-
vation of p38MAPK and Stat3. Moreover, Treatment with
IFN«, especially with IFNo2b, decreased glucose con-
sumption and stimulated phosphorylation of GSK-3f and
mTOR, but decreased the expression of Glut-1. In contrast,
IFNS had no ‘significant effect on either glucose con-
sumption or activation of GSK-35/mTOR signals. INFa2b
significantly decreased the levels of IL-8 whereas the levels
of GM-CSF were increased. The present study demon-
strates direct inhibitory effects of IFN« on cell prolifera-
tion, cell signaling and glucose utilization in human
astrocytes.
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Introduction

IFNa therapy is widely accepted for treating patients with
hepatitis C virus (HCV). However, the tolerability of this
treatment has been limited by high prevalence of side
effects, especially psychiatric symptoms [1, 2]. A report by
Trask et al. [1] suggests that opioid-dopamine changes,
serotonin depletion, norepinephrine increase and endocrine
dysfunction are responsible for those indirect actions of
IFN. However, direct effects of IFN on the brain have not
been given serious consideration, because IFN is not
thought to readily cross the blood-brain-barrier (BBB) of
the central nervous system (CNS) [3-5]. On the other hand,
IFNo was shown to cause neuronal dysfunction in a labo-
ratory study [6] and clinical reports reveal that IFNs are
significantly increased in the CNS of human immunodefi-
ciency virus (HIV) patients with dementia [7]. Therefore, a
fuller understanding of the effects of IFN on CNS and BBB
function at the cellular level is important to start to
understand the basis of the neurological and psychiatric
side-effects of IFNa.

Astrocytes play important roles in CNS function and in
maintaining the BBB through their “end feet,” which
interact with structural components of the barrier. Recent
studies have found that astrocytes determine both the
functional as well as the structural architecture of the adult
brain [8]. Furthermore, astrocytes are involved in the
control of cognitive function in humans, having established
roles in learning, perception, conscious integration, mem-
ory formation/retrieval and in the control of voluntary
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behavior [9]. Abnormalities in the structure and dysfunc-
tion of astrocytes may lead to disruption of the BBB [10,
11}, and astrocytic failure is implicated in the pathogenesis
of a range of neurological disorders [12].

In addition, astrocytes play a central role in the control
of brain energy metabolism [13] as supported by obser-
vations that glucose is taken up primarily by astrocytes in
the brain in vivo [14], and that astrocytes take up half of the
glucose from capillaries [15]. Astrocytes are distinguished
from neurons in the CNS by taking up glucose from the
circulation through the glucose transporter, Glut-1 [16].

Positron emission tomography (PET) using [F-18]-
fluorodeoxyglucose (FDG) revealed that IFNo treatment
impairs glucose uptake in patients with chronic hepatitis C
virus infection [17]. )

In the current study, the cellular sensitivity of astrocytes
derived a human-derived astrocyte cell line, to IFNs was
identified by detecting the expression of type 1 interferon
receptors. The effects of IFNs on cell proliferation and
glucose utilization were then determined. The levels of
cytokines in IFN-treated cultures were also determined
since astrocytes have been shown to produce IFNs, tumor
necrosis factor (TNF) « and other cytokines in response to
viral infection and inflammation [18].

Materials and Methods
Cell Culture and Treatment

The human astrocyte cell line Cryo NHA (CLCC-2565)
was purchased from Lonza Walkersville, Inc. in the USA.
The cells were grown in a medium prepared using AGM
BulletKit (CC-3186) as recommended by the manufacturer.
The human hepatoblastoma cell line HepG2 was grown in
DMEM supplemented with 10 % fetal bovine serum (FBS,
Invitrogen), and were used as positive controls for the
detection of IFN receptor expression. IFN«2a, IFNa2b, and
IFNS (Miltenyi Biotec) were added to the media at dif-
ferent concentrations, and the cells ‘were incubated for
different times as indicated.

RT-PCR Analysis

Total RNA was extracted using RNAqueous-4PCR isolation
kit (Ambion). Reverse transcription was performed by using
high capacity cDNA reverse transcription kit (Applied
Biosystems). Platinum PCR Supermix high fidelity (Invit-
rogen) was used. The following oligonucleotides were syn-
thesized (FASMAC) and used as primers: IFNARI1 (sense
5-TTTCAAGTTCAGTGGCTCCACGC-3'; antisense 5'-TC
- ACAGGCGTGTTTCCAGACTG-3); IFNAR?2 (sense 5'-GA
AGGTGGTTAAGAACTGTGC-3'; antisense 5-CCCGCTG

AATCCTTCTAGGACGG-3"). PCR was carried out for 30
¢cycles (denaturing at 94 °C for 30.s and annealing at 58 °C for
IFNARI, and at 54 °C for IFNAR?2, respectively, for 30 s, and
extension at 72 °C for 1.5 min [19]. The PCR products were
separated by electrophoresis on a 1 % agarose gel and visual-

ized after ethidium bromide staining under UV light.

Evaluation of Viable Cells

Astrocytes were treated with or without 2 IU/ml IFNw
subtypes and IFNp, and incubated for 72 h. The number of
viable astrocytes was evaluated using SF reagent (Nacalai
Tesque Inc.) as previously reported [20]. Ten microliters of
the cell count reagent SF were added to each well con-
taining cultured astrocytes in 100 pl medium. The cells
were incubated 1 h and the absorbance at 450 nm of the
well was measured by a microplate photometer (Immuno-
Mini NJ-2300 Inter Med). The changes in the cell number
were arbitrary represented by a ratio of OD (optical den-
sity) of the stimulated cells divided by that of control cells.

Bio-Plex Cytokine Assay

The supernatant fraction from IFN-treated cells was col-
lected and analyzed by Bio-Plex cytokine assays:(Bio-Plex
Human Cytokine 18-Plex Panel, Bio-Rad Laboratories,
Hercules, CA, USA), according to the manufacturer’s
protocol. The serum was analyzed for interleukin (JL)-1p,
IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-10, IL-12, IL-13, IL-
17, tumor necrosis factor (TNF) «, granulocyte-colony
stimulating factor (G-CSF), granulocyte—macrophage col-
ony-stimulating factor (GM-CSF), interferon (IFN)y,
macrophage inflammatory protein (MIP)-1b, and monocyte
chemoattractant protein 1 (MCP-1).

Bio-Plex Phosphoprotein Assay

The phosphorylation levels of the cell signaling proteins
(p-INK, p-p38MAPK, p-IxB-o, p-ERK2, and p-Stat3) in a
single well of a 96-well microplate were measured using
the Bio-Plex suspension array system (Bio-Plex human
phosphoprotein 6-Plex Panel, Bio-Rad Laboratories).
Briefly, the treated and untreated control cells were lysed
according to the instructions specified in the Bio-Plex cell
lysis kit product insert, and then the samples were analyzed
according to the instructions specified in the Bio-Plex
phosphoprotein assay instruction manual.

Glucose Assays
The glucose concentrations in the incubation media were

assessed by a quantitative enzymatic colorimetric kit (Bio-
assay systems), according the manufacturer’s instructions.

@ Springer
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Briefly, 5 pl aliquots of media were incubated with 100 pl of
diagnostic glucose Trinder reagent, for 10 min at 37 °C and
the absorbance read at 570 nm. A standard curve was pre-
pared in the range of 0~1 mg/ml of p-glucose. Levels in each
sample were calculated by interpolation from standard
curves. Glucose utilization was determined as loss of glucose
from the incubation media.

Western Blot Analysis

Total protein was isolated from astrocytes by a total protein
extraction kit purchased from BioChain Institute, Inc.
Protein from each sample (10 pg) was separated by 10 %
SDS-PAGE and electrotransferred onto a polyvinylidene
difluoride membrane. Immunoblotting was performed by
using specific antibodies against Glut-1(Abcam), anti-IF-
NARI1 antibody (Santa Cruz), p-IxB, f-actin (Santa Cruz
Biotechnology), p-p38MAPK, p-ERK1/2, p-JNK, p-GSK-
3f, p-mTOR, p-Stat3 (Cell signaling Technology). The
immunoreactive bands were visualized with an enhanced
chemiluminescence reagent (Amersham Biosciences).

Statistical Analysis

Based on the results of Levene’s test (p > 0.05), and a
significant F-value, statistical analysis was carried out
using the one-way ANOVA-POST HOC (Tukey’s HSD)
analysis in the SPSS statistics 17.0 software package (SPSS
Japan Inc.). A p value <0.05 was considered to be signif-
icant. Data are presented as the mean £ SD; median
(25--75th percentile) unless otherwise indicated.

Results
Expression of IFN Receptors in Astrocytes

The type I IFN receptor contains at least two subunits; the
IFNAR1 and the IFNAR2 [21, 22]. It was previously
reported that HepG2 cells express the IFNAR subunits
[23]. In the present study, the RNA expression of the IF-
NAR subunits was also detected in normal human astro-
cytes (Fig. la). In addition, the protein level of
IFNAR1was detected using a specific antibody (Fig. 1b).

IFNw Inhibits the Proliferation of Astrocytes
at a Concentration as Low as 2 TU/ml

The effect of 2 IU/ml of IFNa on the proliferation of
astrocytes was investigated. IFNa2a and IFN«2b signifi-
cantly decreased the proliferation of human astrocytes by
23 % (p = 0.007) and 13 % (p = 0.02), respectively, in
comparison to the control (Fig. 2a). In contrast, 2 ITU/ml

@ Springer
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Fig. 1 Expression of type I IFN receptors in astrocytes. a Expression
of IFNARI and IFNAR?2. Astrocytes and HepG2 cells were cultured
to reach 80 % confluence. The total RNA was then isolated and RT-
PCR was performed as described in “Materials and Methods”.
GAPDH served as an endogenous control. b The protein level of
IFNARI1 was detected in astrocytes. The total cell lysate was prepared
and a Western blot analysis was performed as described in “Materials
and Methods”. The level of S-actin was used as a loading control

IFNg sﬁowed no significant effect on the proliferation of
_the cells. The phosphorylation of Mitogen Activated Pro-

tein Kinase (MAPK) family members (JNK, ERK1/2 and
p38MAPK), and IxB, an inhibitory subunit of NF-xB, and
Stat-3, are involved in the IFN-induced cell proliferation
and apoptosis [24-26]. Long term treatment (72 h) of
astrocytes with each IFN stimulated the activation of JNK.
In addition, a relatively weak signal of p-ERK1/2 and
p-IxB was also detected by both of IFNa subtypes
(Fig. 2b). In contrast, there was no obvious activatien of
p38MAPK or Stat3 observed in the same study (data not
shown). The effects IFNa2b in both dose—effect and short
time course experiments were further tested by using a
Western blot analysis and Bio-Plex phosphoprotein assay,
respectively. The cells treated with different doses of
IFNo2b for 72 h showed a stronger intensity of p-JNK
rather than p-ERK1/2 or p-IxB (Fig. 2c). The short term
stimuli by IFNa2b led to the activation of ERK1/2, JNK
and IxB. However, IFNo2b affected neither p-p38MAPK
nor p-Stat3 (Fig. 2d).

IFNo2b Significantly Reduces Glucose Utilization
by Astrocytes

There was no significant difference observed in the amount
of glucose utilization between the cultures with and with-
out the indicated IFN treatment after 2 h. However, the
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Fig. 2 IFNa subtypes significantly inhibited the proliferation of
astrocytes. a The effects of IFNs on the proliferation of astrocytes.
5 x 10*ml astrocytes were passaged into a 96-well plate in the
culture medium. The cells were cultured 4 h and IFNs (2 IU/ml) and
the vector as control were added into the cells respectively. The cells
were incubated for 72 h thereafter, and the proliferation of astrocytes
was evaluated using SF reagent. The data were presented as the
median (25-75th percentile). n = 3, *p < 0.05; **p < 0.01 versus
control. b The effects of IFNs on the stimulation of JNK, ERK1/2,
IxB, p38MAPK and Stat3. The cells cultured in 6-well plate were
starved for 4 h and then treated as described above. Cell lysates were
prepared and collected for the Western blot analysis. The phosphor-
ylation of indicated molecules was detected. The level of f-actin was
used as a loading control. The experiments were repeated for 3 times
and the representative data are shown. ¢ The effects of IFNo2b on the

levels of glucose lost from the media decreased signifi-
cantly after 4h (169 %, p<0.05) and 6h (19 %,
p < 0.05) in the cultures treated with IFNu2b in compari-
son to the controls. IFNo2a tended to decrease the glucose
utilization by 7.8 % after 4 h and 12.5 % after 6 h. IFNf
slightly decreased the glucose utilization by 5 % after 6 h
of treatment (Fig. 3a).

The protein expression levels of Glut-1was evaluated in
the astrocytes with or without IFN _stimulation. Glut-1
expression was detected in control cells. Both IFN«2b and
IFNe2b markedly decreased the protein levels of Glut-1.
Moreover, evaluating the phosphorylation of GSK-3f and
mTOR, which are reported to participate in the negative
regulation of the expression of Glut-1 [27], revealed that
both IFN«2a and IFN«2b stimulated the activation of both
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activation of JNK, ERK and IxB in a dose—course study. [FNo2b with
indicated concentration and a control vector were added to the starved
astrocytes, respectively. The cells were cultured 72 h, collected and
the signals were then detected by a Western blot analysis as described
above. d. The effects of IFNa2b on the activation of INK, ERK, IxB,
p38MAPK and Stat3 in a time—course study. Astrocytes were cultured
in 96-well plate and starved for 4 h before the treatment with 2 TU/ml
IFNa2b. The cells were collected at each indicated time point and the
intensity of phosphorylated ERK, IxB, JNK, p38MAPK, and Stat3
were measured by using Bio-Plex phosphoprotein assay as described
in “Materials and Methods”. The level of each phosphoprotein is
indicated by the relative median fluorescence intensity (MFI),
according to the manufacturer’s instructions. The data are presented
as the mean & SD. n = 3 ‘

factors. In contrast, JFNf did not affect either the protein
expression of Glut-1 or the phosphorylation of GSK-3 and
mTOR (Fig. 3b). In addition, IFNa2b activated p-GSK-38
and p-mTOR inhibited the expression of Glut-1 in both a
dose-dependent and time-dependent manner (Fig. 3c, d).

Effects of IFNa Suptypes and IFNf on the Levels
of Cytokines in Astrocytes

The effect of IFN treatment on the levels of cytokines in
the cells was evaluated. IL-6, IL-8, GM-CSF, MCP-1 and
TNFa were detected in normal astrocytes (Fig. 4). Other
cytokines, including IL-1§, IL-4, IL-10, G-CSF, MIP-1,
IL-2, IL-5, IL-7, IL-10, IL-12, IL-13, IL-17 and IFNy,
showed low or undetectable levels in astrocytes. IFN
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Fig. 3 IFNa2b significantly inhibited the glucose utilization by
astrocytes. a The effects of IFNs on the glucose utilization by
astrocytes. Glucose consumption, assessed as loss of glucose from the
incubation media, was measured after different times up to 6 h in the
presence of 2 IU/ml IFNs or vector as control. Glucose levels in the
culture media were measured at the indicated times. The data are
presented as the mean £ SD of n = 3 replicates, and are expressed as
% of glucose consumed. *p < 0 0.05 versus control. b The effects of
IFNs on the protein expression of Glut-1 and the activation of GSK-

treatment did not significantly change the levels of the

detectable cytokines such as IL-6, MCP-1 and TNFu.
However, IL-8 was significantly decreased by 38, 30, 40 %

@ Springer

3 and mTOR. Astrocytes were treated with various IFNs in a dose of
2 IU/ml for 72 h. ¢, d, The dose and time—course studies of IFNa2b.
The cells were treated with IFN«2b as described in a and Fig. 2b. The
expression level of Glut-1 and the phosphorylated GSK-38 and
mTOR were detected by a Western blot analysis. The level of S-actin
was used as a loading control. The densitometric quantification of
Western blots was performed using the ImageJ software program
(NIH, USA). Experiments were performed three times, and the
representative data was shown

in the cultures treated with IFNo2a, IFNa2b and IFNS,
respectively (n = 3, p < 0.05). In addition, the level of
GM-CSF was significantly increased (1.2-fold compared to
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Fig. 4 Effects of IFNs on the levels of cytokines produced in
cultured astrocytes. Astrocytes were cultured and treated with
indicated IFNs and control vector, respectively, under the same
conditions described in Fig. 2b. The cell-free supernatant was
collected and the cytokines were measured by using a Bio-Plex
cytokine assay as described in “Materials and Methods”. The level of
each cytokine is indicated by the fluorescence intensity (FI),
according to the manufacturer’s instructions. The data were presented
as the mean £+ SD: n = 3. *p < 0.05 versus control

the control, n = 3, p < 0.05) in 'the cultures treated with
IFNo2b only.

Discussion
Although the mitogenic activity of type II IFN (IFNy) in

astrocytes has been consistently reported [28, 291, the effect
of type I IFN on the proliferation of this type of cell is

. unclear. Satoh et al. [30] reported that 50 or 100 IU/ml IFNo,

inhibits the proliferation of astrocyte-enriched cultures
induced by IFNy. The concentration of the IFNu subtypes
used in our study is not more than 5 IU/ml (~25 pg/ml),
which is within the range of the serum IFNo values for
chronic hepatitis C patients who maintained a long-term
response during IFN treatment [31]. Therefore, the effects of
IFNe observed in the present study are considered to be much
closer to the actual clinical conditions.

Recently, the FDA approved pegylated interferon-alpha,

in which polyethylene glycol is added to make the inter-
feron last longer in the body. (Pegylated interferon-alpha-
2b was approved in January 2001; pegylated interferon-

alpha-2a was approved in October 2002.) The current study .

showed that both IFNo2a and IFN«2b inhibit the prolifer-
ation of astrocytes, and that IFNa2a showed stronger
inhibitory effects than IFNo2b, thus indicating the possi-
bility that IFNo may have toxic effects on the function and/
or survival of astrocytes.

IFNo2a and IFNo2b share the ability to bind to type 1 IFN
receptors, which are involved in signal transduction [22, 32,
33]. The IFNARI subunit is associated with Tyrosine Kinase

(TYK)-2, and IFNAR?2 is associated with JAK1 [34]. In
addition, P38MAPK is also regulated by IFN signaling via
JAK activation [35]. However, the molecular mechanism

. underlying the effects of IFN on astrocytes is still unclear. In

our study, although IFNAR expression was detected in
astrocytes, the levels of the phosphorylated p38MAPK and
Stat3, one of the downstream factors of JAK that regulates
spinal astrocytes proliferation [36] did not change signifi-
cantly by IFN treatment. Instead, both temporary and long
term stimulation with IFNo2b markedly induced the acti-
vation of JNK. This data indicates that IFN activates signal
transduction in astrocytes via a JAK/Stat3 independent
pathway. Despite the JAK pathway, other signaling path-
ways activated by type I IFNs have been elucidated. For
example, IFN« induces JNK activation, in combination with
ERK activation, resulting in apoptosis in human KB cells
[37]. In contrast, IFN induces NF-xB activation to mediate-
cell survival in Daudi B lymphoma cells, which are widely.
employed as a model of IFNa-induced growth inhibition
[38]. The activation of INK was markedly stimulated by long
term treatment with IFNo in the current study, in comparison

_-to ERK1/2 or NF-kB. Data suggest that the prolonged acti-

vation of INK may play a role in the IFN- induced 1nh1b1t10n
of astrocyte proliferation.

On the other hand, IFNg (0-100 ng/ml) exerts a dual
role in regulating the proliferation of astrocytes, and NFxB
activation is necessary for the IFNJ reaction [39]. High
doses of IFN-beta (50 or 500 IU/ml) inhibit the prolifera-
tion of human astrocytes in culture [30]. The current data
showed that 2 TU/ml IFNJ did not significantly affect the
proliferation of astrocytes. Besides, there was no obvious
activation of IxB. Therefore, the action of IFNf may be
dose dependent.

Energy-dependent processes are the basis for metabolic
imaging of functional and cognitive activities of the brain.
IFN treatment decreases glucose uptake in patients with

. hepatitis C, and the present data supportively showed that

both IFNw subtypes inhibited the short-time (0—6 h) glu-
cose utilization of astrocytes from the cultured medium to a
larger degree than IFNf. Glut-1 silencing results in the
inhibition of cell proliferation and glucose uptake [40]. The
protein expression of Glut-1 decreased not only in response
to the long term (72 h) treatment with IFN« subtypes in the
current study, but also decreased shortly after 4 h treatment
with IFNo2b. These data therefore, suggest that Glut-1
suppression may relate to the negative effects of IFN on
glucose utilization by astrocytes. Studies in renal tubular
and laryngeal tumor cells revealed that Glut-1 is negatively
regulated by GSK-3/TSC2/mTOR signaling [27]. The
current data show that IFNo stimulated both GSK-38 and
mTOR while decreasing Glut-1 expression, indicating that
the two molecules may participate in the IFNa-mediated
suppression of Glut-1 in astrocytes.
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Cytokines are known for their ability to regulate cell
survival in addition to immune responses. Recent reports

reveal that the pro-inflammatory cytokines IL-1, IL-6, and

TNF« can serve as mitogens for bovine astrocytes in cul-
ture [28, 29]. On the other hand, pro-inflammatory cyto-
kines (IL-1f, IL-6, IFNy and TNFu) increase glucose
utilization in astrocytes, while anti-inflammatory cytokines
like IL-4 and IL-10 decrease astrocytic glucose utilization
[41]. The present data shows that IFN treatment did not
affect the expression levels of the cytokines addressed
above, indicating that the effects of IFNa on astrocytes
does not require intermediary cytokines. However, the data
show that IFNo2b treatment significantly suppresses the
levels of IL-8 but elevates the levels of GM-CSF, both
belonging to the family of chemokines. There are limited
reports on the function of the chemokines in the CNS.
Astrocytes express IL-8 under normal circumstances [42],
indicating that a normal concentration of IL-8 is essential
for the survival and normal function of these cells. On the
other hand, active astrocytes produce GM-CSF in response
to inflammatory signals and therefore may induce a cycle
of immune dysregulation and BBB breakdown [43]. The
involvement of the regulation of these two cytokines in the
function of IFNu« needs to be further clarified.

The novelty of our study, in brief, is to demonstrate that
IFNa-exerts an inhibitory effect on human astrocytes with a
concentration that mimics the clinical conditions. Espe-
cially, this is the first report to describe the inhibitory
effects of IFNa on glucose utilization by astrocytes. Given
the key role played by the astrocyte as a component of the
neurovascular unit and BBB, alterations in cellular func-
tion, cellular signaling and energy metabolism resulting
from exposure of these cells to IFNo with concentrations
that mimic clinical conditions, if replicated in vivo, could
result in impaired astrocytic function. Consequent altera-
tions in astrocyte—neuron coupling leading to altered neural
excitability could underlie some of the neuropsychiatric
complications of IFN therapy in Hepatitis C patients.
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