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Fibroblast growth factor 1 (FGF1) belongs to a family of growth factors involved in cellular growth and division.
MicroRNA 16 (miR-16) is a regulator of gene expression, which is dysregulated during liver injury and insult. However,
the role of FGF1 in the progression of biliary proliferation, senescence, fibrosis, inflammation, angiogenesis, and its
potential interaction with miR-16, are unknown. In wvive studies were performed in male bile duct-ligated (BDL,
12-week-old) mice, multidrug resistance 2 knockout (Mdr2”” mice (10-week-old), and their corresponding controls,
treated with recombinant human FGF1 (thFGF1), fibroblast growth factor receptor (FGFR) antagonist (AZD4547),
or anti-FGF1 monoclonal antibody (mAb). In vitro, the human cholangiocyte cell line (H69) and human hepatic stel-
late cells (HSCs) were used to determine the expression of proliferation, fibrosis, angiogenesis, and inflammatory genes
following rhFGF1 treatment. PSC patient and control livers were used to evaluate FGF1 and miR-16 expression.
Intrahepatic bile duct mass (IBDM), along with hepatic fibrosis and inflammation, increased in BDL mice treated with
rhFGF1, with a corresponding decrease in miR-16, while treatment with AZD4547 or anti-FGF1 mAb decreased he-
patic fibrosis, IBDM, and inflammation in BDL and Mdr2™" mice. In vitro, H69 and HSCs treated with thFGF1 had
increased expression of proliferation, fibrosis, and inflammatory markers. PSC samples also showed increased FGF1
and FGFRs with corresponding decreases in miR-16 compared with healthy controls. Conclusion: Our study demon-
strates that suppression of FGF1 and miR-16 signaling decreases the presence of hepatic fibrosis, biliary proliferation,
inflammation, senescence, and angiogenesis. Targeting the FGF1 and miR-16 axis may provide therapeutic options in
treating cholangiopathies such as PSC. (Hepatology Communications 2022;6:1574-1588).

holangiocytes are the target cells in various concomitant release of senescence-associated secre-

rodent models of biliary damage, such as
extrahepatic bile duct ligation (BDL) and
multidrug resistance 2 knockout (Mdr2™~, a model
of primary sclerosing cholangitis [PSC]), which are
associated with enhanced biliary senescence with

tory factors (SASPs, such as transforming growth
factor-f1 [TGF-p1]) activating hepatlc stellate
cells (HSCs) by paracrine pathways.”) PSC is a
progressive liver disease characterized by inflam-
mation, fibrosis, and narrowing of the bile ducts.

Abbreviations: ANG, angiogenin; BA, bile acid; BDL, bile-duct ligation; BW, body weight; CCA, cholangiocarcinoma; CD31, platelet cell adhesion
molecule 1; CK-19, cytokeratin-19; Collal, collagen, type 1, alpha 1; ELISA, enzyme-linked immunosorbent assay; FGE fibroblast growth factor;
FGER, fibroblast growth factor receptor; FVB, Friend virus B-type; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; H69, human cholangiocyte
cell line; HSG, hepatic stellate cell; IBDM, intrahepatic bile duct mass; IF, immunofluorescence; IL, interleukin; mAb, monoclonal antibody; Mer_/',
multidrug resistance gene 2 knockout; miR-16, microRNA 16; mRNA, messenger RNA; OCT, optimal cutting temperature; p16, cyclin-dependent
kinase inhibitor 24; PBC, primary biliary cholangitis; PCNA, proliferating cell nuclear antigen; PCR, polymerase chain reaction; PSC, primary
sclerosing cholangitis; rhFGF1, recombinant human FGF1; SASE senescence-associated secretory factor; SA-P-Gal, senescence associated-p-galactosidase;
TGF-P1, transforming growth factor-B1; VEGEA, vascular endothelial growth factor A; W, wild type; a-SMA, alpha smooth muscle actin.
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The progressive destruction of intrahepatic bile
ducts eventually leads to cirrhosis and end-stage
liver failure, necessitating liver transplantation,
which is often the only, but not optimal, treatment
option, as PSC can recur after liver transplanta-
tion.? During PSC pathogenesis, cholangiocytes
show increased proliferation and proinflammatory
signaling, which leads to an increase in hepato-
biliary fibrosis, inflammatory infiltration, biliary
remodeling, and cellular senescence.’) There is
growing information on the regulation of biliary
damage and liver fibrosis in PSC™: however, there
are limited and controversial data on the role of
fibroblast growth factor (FGF) signaling in the
modulation of PSC phenotypes.(s)

FGF1 belongs to more than 20 homologs that par-
ticipate in a diverse range of functions in numerous
cell types throughout the body through its interaction
with one or more of the four FGF receptor subtypes
(FGFR1-4).®) FGFs can modulate various physiolog-
ical functions such as cellular proliferation, migration,
tissue remodeling, and DNA synthesis via receptor
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activation.”” FGF1 and FGF2 regulate hepatic fibro-
sis® through the activation of HSCs, which express
FGFR1-4.”) FGF1 also plays a role in fetal hepatic
development by inducing cytokeratin-19 (CK-19)
expression in hepatic progenitor cells.”

MicroRNAs (miRs) are noncoding RNA mole-
cules that regulate many gastrointestinal pathologies,
including cancer, autoimmune disorders, and fibrotic
diseases."”) Research continues to expand on the var-
ious roles of miR-16 across multiple liver pathologies,
such as the activation of HSCs."? Previous studies
have demonstrated a potential link/feedback between
FGF signaling and miR-16 in several pathologies,
such as mesothelioma and angiogenic signaling in
endothelial cells. "3 However, the role of miR-16 in
the progression of PSC is undefined.

In the present study, we aimed to determine (1)
the immunoreactivity/expression of FGFR1-4 and
FGF1 and FGF1 serum and biliary levels in BDL
and Mdr2”" mice and human PSC samples; (2) the
effects of recombinant human FGF1 (thFGF1) and
anti-FGF monoclonal antibody (mAb) on biliary
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damage/senescence and liver inflammation/fibrosis in
BDL and Mdr2™" mice; and (3) whether the effect of
the FGF1/FGFR axis on liver phenotypes is associ-

ated with changes in the expression of miR-16.

Materials and Methods
MATERIALS

Immunohistochemical supplies and reagents for
tissue culture were obtained from Thermo Fisher
Scientific (Waltham, MA). Animals were treated
with a rhFGF1 protein (GF002; MilliporeSigma,
Burlington, MA), a mouse FGF acidic/FGF1 neutral-
izing antibody (AF4686; R&D Systems, Minneapolis,
MN),(IS) or a pan FGFR antagonist (AZD4547,
ab216311; Abcam, Burlingame, CA).19 Total RNA
was isolated using the mirVana miRNA Isolation Kit
(Invitrogen, Carlsbad, CA) and reverse-transcribed
with iScript Reverse Transcription Kit from Bio-
Rad Laboratories (Hercules, CA). miRNA com-
plementary DNA (cDNA) was synthesized with
Tagman Advanced miRNA c¢DNA Synthesis Kit
(A28007; Thermo Fisher Scientific). The antibod-
ies against cytokeratin (CK-19, ab52625), desmin
(ab185033), F4/80 (ab6640), FGFR1 (ab10646),
FGFR2 (ab10648), FGFR3 (ab180906), FGFR4
(ab44971), cyclin-dependent kinase inhibitor 2A
(p16; ab211542) as well as enzyme-linked immuno-
sorbent assay (ELISA) kits for FGF1 (ab226587) and
TGF-p1 serum analysis (ab119557) were purchased
from Abcam. The FGF1 Alexa Fluor 555 conjugated
antibody (bs-0229R-A555) was purchased from Bioss
Antibodies (Woburn, MA). The angiogenesis anti-
body (SC-74528) was purchased from Santa Cruz
Biotechnology (Dallas, TX). Platelet cell adhesion
molecule 1 (CD31; NB-100-1642) came from Novus
Biologicals (Centennial, CO). Senescence associated-
B-galactosidase (SA-P-Gal) staining kit was pur-
chased from Cell Signaling Technology (Boston,
MA). Bile acid kit (MAK309-1KT) was purchased
from MilliporeSigma. Primer information is listed in

Supporting Table S1.

ANIMAL MODELS

All animal procedures were performed following

protocols approved by the Texas A&M University
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TABLE 1. EVALUATION OF LIVER TO BODY WEIGHT

RATIO
Liver Weight Liver fo Body
Q) Body Weight (g) ~ Weight (%)
WT (n=10) 1.35+0.47 26.35+4.16 514221
WT + rhFGF1 176 +0.37 29.46 +7.43 571+228
(n=10)
WT + AZD4547 1.62 +0.50 2627 +7.25 6.29 +2.65
(n=9)
BDL(n=10) 1.54 +0.44 2490+ 6.96 6.26 +2.27
BDL + rhFGF1 147 +0.14 2381+ 153 6.15+0.89
(n=10)
BDL+AZD4547  1.60+0.38 24.13+3.10 6.71+0.26
(n=9)
FVBNJ (n=10)  1.49+0.49 28.65+4.86 5.19+1.49
FVB/NJ + AZD4547 2.01 +0.50 29.23+2.90 6.93+2.24"
(n=12)
FVB/NJ + anti-FGF1  1.54 +0.40 28.71+224 5.35+1.37
mAb (n=9)
Mdr2”~(n=10)  3.32+0.6] 30.97 £2.84 10.76 +2.32"
Mdr2—/- + 1.59 +0.49 27.87 +3.09 5.67 +1.57*
AZD4547 (n = 9)
Mdr2—/— + 2.14+0.65 29.48 +3.71 7.26 +2.78*
anti-FGF1T mAb
(n=9)

*P < 0.05 versus normal or WT mice.
#P < 0.05 versus Mdr2™" mice.

Institutional Animal Care and Use Committee. Male
C57BL/6 (25-30 g) wild-type (WT) mice and Friend
virus B-type (FVB)/NJ (control for Mdr2”" mice)
were purchased from Jackson Laboratory (Bar Harbor,
ME). Male Mdr2™~ mice came from in-house breed-
ing colonies established at Texas A&M University
College of Medicine, originating from mice purchased
from Jackson Laboratory. All mice were housed in
a temperature-controlled environment, with 12:12-
hour light-dark cycles with access ad Zibitum to water
and standard mouse chow. C57BL/6 mice under-
went BDL as described’” with minipump implan-
tation occurring after ligation. Both WT and BDL
mice received minipump implantation containing
either rhFGF1 (100 ng/kg body weight [BW ]/day)
or AZD4547 (100 ng/kg BW/day)® (Table 1). At
the age of approximately 12 weeks, male FVB/N]J and
Mdr2™~ mice were treated with an FGFR antagonist
(AZD4547; 100 ng/kg BW/day)™® in sterile saline
using an intraperitoneal Alzet osmotic minipump for
7 days, or anti-FGF1 monoclonal antibody (5 pg/100

uL saline)™ via tail-vein injection ) every other day
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for 1 week (Table 1). Mice were euthanized either
7 days following BDL or mini-pump implantation.
Animals receiving mAb treatment were euthanized
48 hours after final treatments. Liver/body weight was
recorded, and serum, total liver, and cholangiocytes
were collected.

ISOLATED CHOLANGIOCYTES

Virtually pure preparations of murine cholan-
giocytes were isolated as described®” using immu-
noaffinity separation. The antibody recognizes an
unidentified antigen expressed by all intrahepatic
cholangiocytes (IgG,,, a gift from Dr. R. A. Faris,
Brown University, Providence, RI). A portion of iso-
lated cholangiocytes were counted, resuspended, and
placed in a shaking water bath for 6 hours before the
supernatant was removed and stored for later use in

various ELISAs.

IMMUNOREACTIVITY/
EXPRESSION OF FGFR1-4 AND
FGF1 AND MEASUREMENT
OF FGF1 LEVELS IN SERUM
AND CHOLANGIOCYTE
SUPERNATANTS

We evaluated (1) by immunofluorescence (IF)
the immunoreactivity of FGFR1-4 and FGF1
in frozen liver sections (5-pm thick, six sections,
four randomized animals from each treatment
group) co-stained with markers of cholangio-
cytes (CK-19),¥ HSCs (desmin),(zl) or second-
ary antibody only (not shown), respectively; (2)
FGF1 levels in serum and cholangiocyte super-
natants from selected treatment groups (n = 9)
by ELISA; and (3) messenger RNA (mRNA)
expression of FGFR1-4 and FGF1 (normalized
to  glyceraldehyde-3-phosphate  dehydrogenase
[GAPDH]) by quantitative polymerase chain reac-
tion (PCR) in isolated purified cholangiocytes (3
preparations from selected groups of animals n = 3
each preparation). Images were visualized using an
Olympus Fluoview FV3000 Confocal Scanning
Microscope  (Integrated Microscopy Imaging
Laboratory, Texas A&M); quantitative PCR was
performed on a QuantStudio 6 Flex Real-Time
PCR System (Thermo Fisher Scientific).

O’BRIEN ET AL.

MEASUREMENT OF IBDM AND
BILIARY PROLIFERATION

IBDM was measured in either paraffin-embedded
(WT and BDL mice) or frozen liver sections (FVB/
NJ and Mdr2”~ mice) by immunostaining for CK-
19 positive areas (5-pm thick, two slides, 10 fields per
group from nine animals), which was quantified using
VisioPharm software, version 2018.09 (Westminster,
CO)."Y The mRNA expression of proliferation mark-
ers (proliferating cellular nuclear antigen [PCNA]
and Ki67, normalized to GAPDH) was measured in
isolated cholangiocytes from the selected groups of
animals by quantitative PCR (three cumulative chol-
angiocyte preparations [n = 3 per preparation] for a
total of nine animals [n = 9]).??

EVALUATION OF LIVER FIBROSIS
AND MIR-16 EXPRESSION

Collagen deposition was evaluated by sirius red
staining in paraffin-embedded liver sections (5 pm,
10 fields of view from nine animals per group) and
quantified using VisioPharm software. Markers of
liver fibrosis (alpha smooth muscle actin [a-SMA],
collagen, type I, alpha 1 [Collal], and TGF-p1, nor-
malized to GAPDH) were measured by quantitative
PCR in total liver samples from the selected groups
of animals (n = 9).%% TGF-p1 serum levels were
determined using a commercially available ELISA
kit (Abcam). Because miR-16 is down-regulated
in HSCs and contributes to the progression of liver
ﬁbrosis,(12’24) we measured, in isolated cholangiocytes,
biliary miR-16 expression (normalized to U6) by
quantitative PCR.%¥

MEASUREMENT OF BILIARY
SENESCENCE AND LIVER
INFLAMMATION AND
ANGIOGENESIS

Macrophage presence was analyzed by evaluat-
ing the number of F4/80-positive cells in paraffin-
embedded liver sections (5-pm thick, 10 fields from
nine animals) and quantified using VisioPharm
software.”” SA-B-Gal staining was performed
in frozen liver sections (10-pm thick, six fields
of view from four animals) using a commercially

available SA-B-Gal staining kit (Cell Signaling
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Technology) following the manufacturer’s proto-
col and quantified with VisioPharm software. We
measured by quantitative PCR the mRNA expres-
sion of inflammatory (interleukin [IL]-1p and IL-
6),%% and senescence markers (cyclin dependent
kinase inhibitor 1A [p21], p16, and tumor pro-
tein 53 [p53])(27) in isolated cholangiocytes from
the selected groups of animals (three cumulative
cholangiocyte preparations, n = 9 mice). GAPDH
was used as a housekeeping gene. FGF1 stimulates
decreased miR-16 expression in cholangiocytes (see
“Results” section) and HSCS(12’24); and miR-16 is
predicted to regulate vascular endothelial growth
factor A (VEGFA)(%) and affects liver angio-
genesis by paracrine mechanisms (see Ingenuity
Pathway Analysis [IPA] software; Supporting Fig.
S4). Therefore, we evaluated angiogenesis by mea-
suring the immunoreactivity of CD31 by IF in fro-
zen liver sections (4-5-pm thick, 10 fields of view
from four animals) and mRNA expression of the
angiogenic factors, VEGFA, angiogenin (ANG),
and CD31 (normalized to GAPDH) in either iso-
lated cholangiocytes (ANG, VEGFA) or total liver
samples (ANG, CD31) from the selected groups of

animals (n = 9 mice).

INVITRO STUDIES IN CELL LINES
OF HUMAN INTRAHEPATIC
BILIARY CELLS AND HUMAN HSCS

We evaluated FGFR1-4 gene expression in the
immortalized normal intrahepatic cell line, human
cholangiocyte cell line (H69; a gift of Dr. Gregory
Gores, Mayo Medical School, Rochester, MN),(Zg)
and HSCs®? by reverse-transcription PCR. Human
H69 and human HSCs (purchased from ScienCell
Research Laboratories, Carlsbad, CA) were cultured
in six-well plates with media containing 5% serum
and allowed them to grow to 70%-80% confluency.
Before measuring the expression of proliferation,
senescence, fibrosis, and angiogenesis markers. For
quantitative PCR, the six-well plates were serum-
starved overnight, then H69 or HSCs were treated for
24 hours with thFGF1 protein (10 pg/mL; Abcam).

HUMAN SAMPLES

Human liver tissue samples (optimal cutting

temperature [OCT]-embedded tissue blocks) from
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patients with late-stage PSC (n = 4) were obtained
through Dr. Burcin Ekser under a study proto-
col approved by the institutional review board at
Indiana University School of Medicine, Indianapolis,
Indiana. Tissues from healthy controls (OCT-
embedded tissue blocks, n = 4) were purchased from
Sekisui Xeno Tech (Kansas City, KS). Information
about human samples can be found in Supporting
Table S2.

The immunoreactivity of FGF1 and correspond-
ing receptors (FGFR1-4) was evaluated by IF in
liver sections (4-5-pum thick, co-stained with CK-
19 or desmin, six fields of view from four sam-
ples) from healthy controls or patients with PSC.
Antibodies were diluted 1:100 in 5% donkey serum,
overnight at 4°C. FGF1 (ab9588), FGFR1 (ab829),
FGFR2 (ab10648), and FGFR3 (ab180906) were
purchased from Abcam, and FGFR4 (11098-1-AP)
from Proteintech (Rosemont, IL). We also measured
the expression of miR-16 by quantitative PCR in
total liver samples from healthy controls and late-

stage PSC samples.

STATISTICAL ANALYSIS
All data are expressed as the mean *= SEM.

Difterences between groups were determined using
Student unpaired # test for analysis of two groups,
and one-way analysis of variance when more than two
groups were analyzed by the appropriate post hoc test.
A P value of < 0.05 was deemed significant.

Results

IMMUNOREACTIVITY/
EXPRESSION OF FGF RECEPTORS
AND FGF1 AND FGF1 SECRETION

FGFR1-4 were evaluated by IF immunoreactivity
in cryopreserved total liver OCT sections, co-stained
with either desmin (a marker of activated HSCs) or
CK-19 (a marker of cholangiocytes) in either BDL
or Mdr2™" mice and their corresponding controls
(Figs. 1 and 2). There were increases in immunore-
activity in receptors 1 through 4 in the cholangio-
cytes, which was especially prevalent in receptor 3
of the BDL animals. HSCs had increased immu-

noreactivity in receptors 1, 2, and 4, and to a much
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FIG. 1. By IF in liver sections there was immunoreactivity of FGFR1-4 in cholangiocytes, indicated by yellow arrows, and at lower levels

in HSCs, marked with white arrows (co-stained with CK-19 or desmin, respectively) from C57BL/6 and BDL mice. Scale bar = 5 pm.

lesser extent, receptor 3 when compared with the
WT control tissue. In the Mdr2”~ model there is a
similar trend of increased CK-19 and desmin” cells
when compared with the FVB control with increased
immunoreactivity in both HSCs and cholangiocytes
of receptor 1 (Fig. 2). Receptor 2 has no discernible
immunoreactivity in the cholangiocytes in the con-
trol sample, yet there is clear staining in the HSCs.
There is increased immunoreactivity in the Mdr2™~
sample when compared with the FVB, in both the
HSCs and the cholangiocytes of FGFR2. Visually
there appears to be no obvious immunoreactivity of
receptor 3 in either the HSCs or cholangiocytes in
the FVB control, which is only slightly increased in
the Mdr2™”~ animals. Receptor 4 immunoreactiv-
ity is increased in both cholangiocytes and HSCs
in the knockout animals when compared with their
FVB controls (Fig. 2). By quantitative PCR, there
was enhanced mRNA expression of FGFR1-4 in
cholangiocytes from BDL and Mdr2”~ compared
with control mice (Supporting Fig. S5). We demon-
strated (1) FGF1 immunoreactivity in cholangio-
cytes (co-stained with CK-19) in liver sections from

Mdr27~ mice, and (2) increased mRNA expression
of FGF1 in cholangiocytes, as well as higher FGF1
levels in serum from Mdr2™" mice compared with
control mice (Fig. 3A-C); no immunoreactivity for
FGF1 was observed for HSCs in liver sections co-
stained with desmin (Fig. 3A). The increases in
FGF1 serum levels and FGF1 mRNA expression
(in isolated cholangiocytes) observed in Mdr27-
mice were reduced in Mdr2”" mice treated with
AZD4547; no changes in these parameters were
observed in FVB/NJ mice treated with AZD4547
(Fig. 3A-C).

CHANGES IN IBDM AND BILIARY
PROLIFERATION

In agreement with previous studies,'”) there was
enhanced IBDM in BDL compared with W'T' mice
(Fig. 4A), and there was increased IBDM in both
WT and BDL mice treated with thFGF1 compared
with control animals, which was significantly reduced
by treatment of BDL mice with AZD4547 (Fig. 4A).
IBDM was significantly higher in Mdr2”~ compared
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FGFR3 FGFR4

FVB/NJ Mdr27/- FVB/NJ Mdr2/-

FIG. 2. By IF in liver sections there was immunoreactivity of FGFR1-4 in cholangiocytes, indicated by yellow arrows, and at lower levels

in HSCs, marked with white arrows (co-stained with CK-19 or desmin, respectively) in both FVB/NJ and Mdr2™" mice. Scale bar = 5 pm.

with FVB/NJ mice, which was reduced in Mdr2”
mice treated with AZD4547 or anti-FGF1 mono-
clonal antibody, respectively (Fig. 4B). Treatment of
both FVB/NJ and Mdr2”" mice with thFGF1 also
increased IBDM (Supporting Fig. S6A). By quan-
titative PCR, there was increased expression of the
proliferative markers, Ki67 and PCNA, in Mdr2™"
mice compared with controls, which was significantly
decreased in the Mdr2™~ mice treated with AZD4547
(Fig. 4C).

EVALUATION OF LIVER FIBROSIS
AND MIR-16 EXPRESSION

There was enhanced collagen deposition (by sir-
ius red staining) in BDL compared with WT mice;
enhanced collagen deposition was also observed in
both WT and BDL mice treated with thFGF1 com-
pared with WT/BDL animals—increases that were
significantly reduced by treatment with AZD4547
(Fig. 5A). In Mdr2”" mice and rhFGF1-treated
animals, there was enhanced liver fibrosis (by sir-
ius red staining) compared with FVB/NJ mice,
which was reduced by treatment with AZD4547 or

1580

anti-FGF1 mAb, respectively (Fig. 5B, Supporting
Fig. S6B). There was increased mRNA expression of
a-SMA, Collal, and TGF-p1 in total liver samples
and TGF-p1 serum levels in Mdr2™ compared with
FVB/N]J mice, which was decreased by AZD4547 or
anti-FGF1 mAb compared with Mdr2”~ mice (Fig.
5C,D). As shown in Fig. 5E, there was (1) decreased
expression of miR-16 in cholangiocytes from both
BDL and Mdr2™" mice compared with their cor-
responding control mice; (2) reduced expression of
miR-16 in cholangiocytes from both WT and BDL
mice treated with rhFGF1 compared to the cor-
responding control mice (Fig. 5E); and (3) either
restoration of miR-16 expression (WT, BDL) or
miR-16 expression increase (FVB, Mdr2™7) in ani-
mals treated with AZD4547 (Fig. 5E).

MEASUREMENT OF LIVER
INFLAMMATION, BILIARY
SENESCENCE, AND ANGIOGENESIS

By immunohistochemistry in liver sections,
there increased F4/80

ity in BDL mice compared with controls, which

was immunoreactiv-
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FIG. 3. (A) There was enhanced immunoreactivity for FGF1 (red) in cholangiocytes (blue) in liver sections co-stained with CK-19 from
Mdr2™~ mice, and immunoreactivity that was decreased by treatment with AZD4547; no immunoreactivity for FGF1 was observed
for HSCs in liver sections co-stained with desmin (green). Scale bar = 5 pm. (B,C) There was increased mRNA expression of FGF1 in
cholangiocytes and higher FGF1 levels in serum from Mdr2™" mice compared with FVB/N]J mice. Data are presented as mean + SEM
of four quantitative PCR reactions from three cumulative preparations of cholangiocytes from nine mice. Serum levels were measured in
three samples from nine different animals. *P < 0.05 versus FVB/N] mice; #P < 0.05 versus Mdr2™~ mice.

was ameliorated following the treatment with
AZD4547 (Fig. 6A). F4/80 immunoreactivity was
increased in both WT and BDL mice treated with
rhFGF1 (Fig. 6A). Similarly, in Mdr2™" mice there
was increased F4/80 immunoreactivity compared
with FVB/N]J mice, which were reduced by treat-
ment with either AZD4547 or anti-FGF1 mAb
(Fig. 6B). Like the acute injury animals, treatment
with rhFGF1 increased macrophage presence in
both FVB/NJ and Mdr2”" animals (Supporting
Fig. S6C). Furthermore, biliary mRNA expression
of the SASPs, IL-6, and IL-1p (Fig. 6C), and IL-
1B serum levels (Fig. 6D) were higher in Mdr2™"
compared with FVB/NJ mice—increases that were
reduced in Mdr2™" mice treated with AZD4547
(Fig. 6C,D). By SA-p-Gal staining and IF for
pl6 in liver sections, we observed enhanced bil-
iary senescence in Mdr2”~ compared with FVB/

NJ mice, which was significantly decreased in
response to AZD4547 treatment (Supporting Fig.
S1A,B). In addition to biliary senescence, IF for
pl6 also demonstrated increased immunoreac-
tivity in desmin-positive HSCs in Mdr2™" mice
compared with FVB/N]J controls. Similarly, there
was increased mRNA expression of the senes-
cence markers, p21, p53 and p16, in isolated chol-
angiocytes, which was significantly decreased by
treatment with AZD4547 (Supporting Fig. S1C).
Immunoreactivity for CD31 was increased in fro-
zen liver sections in Mdr2™~ when compared with
FVB/NJ mice. There was also increased mRNA
expression of ANG (in isolated cholangiocytes
and total liver), VEGFA (in isolated cholangio-
cytes), and CD31 (total liver) in Mdr2™" mouse—
parameters that were significantly reduced by
AZD4547 (Supporting Fig. S2B,C).
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FIG. 4. (A) There was increased IBDM in BDL mice compared with C57BL/6 mice and in both C57BL/6 and BDL mice treated with
recombinant human FGF1 compared with control animals—increases that were significantly reduced by AZD4547. (B) IBDM was
higher in Mdr2™~ mice compared with FVB/NJ mice, which was reduced by AZD4547 or anti-FGF1 monoclonal antibody, respectively.
Data are presented as mean + SEM of nine total liver sections, 10 fields of view; original magnification x20. *P < 0.05 versus C57BL/6
or FVB/NJ mice; #P < 0.05 versus BDL or Mdr2™~ mice. Yellow arrows indicate CK-19-positive bile ducts. (C) There was increased
expression of Ki67 and PCNA in isolated cholangiocytes from Mdr2™”" mice compared with control that was significantly decreased in
the Mdr2™" mice treated with AZD4547. Data are presented as mean = SEM of four quantitative PCR reactions from three cumulative
preparations of isolated cholangiocytes from nine animals. *P < 0.05 versus FVB/NJ mice; *P < 0.05 versus Mdr2™~ mice.

INVITRO STUDIES IN HUMAN Hé69
AND HSCS

In H69 cells treated with rhFGF1, there was
enhanced mRNA expression of proliferation, fibro-
sis, senescence, and angiogenesis markers compared
with untreated cells (Supporting Fig. S3A). In HSCs
treated with rhFGF1, there was increased mRNA
expression of proliferation, fibrosis, and angiogenesis
markers compared with untreated cells (Supporting

Fig. S3B).

FGF1 AND FGFR1-4 EXPRESSION
ARE INCREASED IN PATIENTS
WITH PSC

By IF in human liver sections, we observed increased
immunoreactivity for FGFR1, 2, and 3 and FGF1 in
bile ducts (co-stained with CK-19) in patients with
PSC compared to healthy controls (Figs. 7 and 8A).
There was clear colocalization with FGFR1 in both
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control and PSC sections, whereas FGFR2 showed
cholangiocyte colocalization in PSC samples only.
FGFR3 demonstrated strong immunoreactivity in the
bile ducts of PSC samples, with lesser immunoreac-
tivity in control samples (Fig. 7). Similar to FGFR3
immunoreactivity in the Mdr2”~ mice, FGFR4 had
similar staining patterns in both controls and PSC
samples, with no cholangiocyte colocalization noted.
There was decreased expression of miR-16 in total
liver samples from patients with PSC compared to

controls (Fig. 8B).

Discussion

To further understand the molecular underpinnings
of cholangiocytes pathophysiology during cholestasis,
we investigated the FGF1 and miR-16 pathway in
animal models of cholestasis. Our study demonstrated

(1) up-regulation of FGFR1-4 in cholangiocytes
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FIG.5. (A) There was enhanced collagen deposition in BDL compared with C57BL/6 mice, as well as C57BL/6 and BDL mice treated
with rhFGF1 compared with control animals—increases that were significantly reduced by treatment with AZD4547. (B) In Mdr2™~
mice there was enhanced liver fibrosis compared with FVB/NJ mice, which was reduced by treatment with AZD4547 or anti-FGF1
monoclonal antibody. (A,B) Data are presented as mean + SEM of six total liver sections, 10 fields of view from nine animals; original
magnification x20. *P < 0.05 versus C57BL/6 or FVB/NJ mice; #P < 0.05 versus BDL or Mdr2”~ mice. Red arrows indicate collagen
deposition around bile ducts. (C,D) There was increased mRNA expression of a-SMA, Collal, and TGF-p1 (in total liver samples) and
TGF-p1 serum levels in Mdr2™~ mice compared with FVB/N] mice—increases that were significantly decreased by AZD4547 or anti-
FGF1 mAb compared with Mdr2”" mice. Data are presented as mean = SEM of four quantitative PCR reactions from three cumulative
preparations of isolated cholangiocytes from nine animals. Data are presented as mean + SEM of three experiments from nine animals for
TGF-B1 serum levels. *P < 0.05 versus FVB/NJ mice; #P < 0.05 versus Mdr2™ mice. (E) There was (1) decreased expression of miR-16 in
cholangiocytes from both BDL and Mdr2”" mice compared with control mice; and (2) reduced expression of miR-16 in cholangiocytes
from both C57BL/6 and BDL mice treated with FGF1 compared to the corresponding control mice. Data are presented as mean + SEM

of four quantitative PCR reactions from three cumulative preparations of isolated cholangiocytes from nine animals. *P < 0.05 versus WT
mice; *P < 0.05 versus BDL mice.

from BDL and Mdr2”" mice; (2) cholangiocytes but
not HSCs displayed immunoreactivity for FGF1;
(3) administration of rhFGF1 increased ductular
reaction, he/patic inflammation, and fibrosis in BDL
and Mdr2™" mice compared with control animals—
phenotypes that were decreased following AZD4547

treatment; and (4) increased FGF1 immunoreac-

PSC samples, there was increased immunoreactivity
of FGFR1-4 and FGF1 and decreased expression of
miR-16. In vitro, we have demonstrated that (1) H69
and HSCs express FGFR1-4; and (2) FGF1 changed
the mRNA expression of proliferation, senescence,
fibrosis, and angiogenesis markers in H69 and HSCs

compared with basal values. These findings validate a

tivity/expression and FGF levels in serum and iso-
lated cholangiocytes as well as biliary senescence/
ductular reaction, hepatic inflammation, and fibro-
sis in Mdr2™" mice; some of these parameters were
decreased in response to treatment with AZD4547 or
anti-FGF1 monoclonal antibody. In late-stage human

critical role for FGF1 signaling in promoting biliary
liver injury.

In support of our findings, several studies have
demonstrated the role of FGF/FGFR signaling in
modulating cholestatic liver diseases.”*'*? One study
has shown that cholangiocytes express FGFR4 and
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FIG. 6. (A) By immunohistochemistry in liver sections, there was increased F4/80 immunoreactivity in BDL compared with mice, which
was ameliorated by treatment with AZID4547; F4/80 immunoreactivity increased in both C57BL/6 and BDL mice treated with the
rhFGF1. Data are presented as mean = SEM of six total liver sections, 10 fields of view, from nine animals; original magnification x20.
*P < 0.05 versus C57BL/6 mice; #P < 0.05 versus BDL mice. Green arrows indicate F4/ 80-positive cells. (B) There was increased F4/80
immunoreactivity in Mdr2™" compared with FVB/N]J mice, which was reduced by treatment with either AZD4547 or anti-FGF1 mAb.
Data are presented as mean + SEM of six total liver sections, 10 fields of view, from nine animals; original magnification x20.*P < 0.05 versus
FVB/N]J mice; #P < 0.05 versus Mdr2™”~ mice. Black arrows indicate F4/ 80-positive cells. (C) The mRNA expression of IL-6 and IL-1p
was higher in cholangiocytes from Mdr2”~ compared with FVB/N]J mice, but decreased in cholangiocytes from Mdr2”~ mice treated with
AZDA547. Data are presented as mean = SEM of four quantitative PCR reactions from three cumulative preparations of cholangiocytes
from nine animals. *P < 0.05 versus Mdr2™"~ mice. (D) Mdr2™”~ mice had increased serum IL-1B levels compared with control mice, which
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samples from nine different animals. *P < 0.05 versus FVB/N]J mice; #P < 0.05 versus Mdr2™" mice.

that farnesoid X receptor (FXR)-induced secretion
of FGF15/19 inhibits CYP27 expression by a p38
kinase-dependent pathway.®? In addition, FGFRI,
2, and 4 were shown to be up-regulated in cholan-
giocarcinoma (CCA) cell lines and regulate CCA
growth by an autocrine mechanism.®? Parallel to our
results in BDL and Mdr2™" mice, several studies have
demonstrated a role for all four FGFRs in the activa-
tion of HSCs.”? Our data showing increased FGF1
levels in serum and cholangiocyte supernatants are
supported by a number of studies that have evaluated
the levels of other FGF isoforms during disease states.
For instance, a study has demonstrated increased
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expression/serum levels of hepatic FGF19 in patients
with primary biliary cholangitis (PBC) that correlates
with the severity of the disease.®® Similarly, FGF19
levels were higher in patients with cirrhotic PBC
compared to healthy patients or patients with non-
cirrhotic PBC.®¥ Furthermore, serum FGF21 is ele-
vated during ischemia/reperfusion-induced liver injur;f
in patients 2 hours following liver transplantation.(35
The FGF family is comprised of 22 FGF members,
which act as critical paracrine signals in liver patho-
physiology.®® FGF1 plays a controversial and complex
role in liver pathophysiology. For example, a study has
shown that FGF1 ameliorates liver steatosis, fibrosis,
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and a{ao;)tosis in a diabetic mouse model of liver
injury.®” Also, FGF1 improves intrahepatic cholesta-
sis by down-regulation of bile acid (BA) levels.®® The
beneficial effects of FGF1 and other FGF isoforms
(e.g., FGF21) on steatosis and steatohepatitis were
also observed in mouse models of nonalcoholic fatty
liver diseases.®” Another study has shown that ele-
vated levels of FGF19 suppress BA synthesis through
inhibition of the CYP7A1 (cytochrome P450 family
7 subfamily A member 1) gene, thus providing ben-
eficial effects for patients with PBC.(Y Furthermore,
another study demonstrated the role of FGF19 in the
development of hepatocellular carcinoma in trans-
genic mice overexpressing FGF19 in skeletal mus-
cle.*Y Conversely, a study by Yu et al. revealed that
animals lacking in either FGF1 and/or FGF2 had
significantly reduced liver fibrosis compared with con-
trols in a carbon tetrachloride (CCl,)~induced chronic
injury model.“ Also, FGF15/19 has been shown not
to act as a direct profibrotic mitogen to HSCs, and
the protection against fibrosis by FGF15 deficiency
may be due to increased BA-dependent activation of
FXR in HSCs."”) Parallel to our findings of decreased
liver fibrosis and angiogenesis with an FGFR antago-
nist, a recent study has shown that Brivanib (a selec-
tive inhibitor of VEGFR and FGFR tyrosine kinases)
inhibits liver fibrosis and angiogenesis through the
inhibition of VEGF and FGF-induced HSC pro-
liferation in three different models of liver fibrosis
including BDL.*? Concerning the biliary epithelium,
a number of studies demonstrated that stimulation
of FGF/FGFR signaling not only has a role in the
expansion of some forms of CCA but also contrib-
utes to the onset of pathological hallmarks, such as
inflammation, cellular senescence, and fibrosis, during
cholestatic, nonneoplastic injury.“**

In our study, FGF1-induced liver fibrosis (observed
in normal and cholestatic animals) may be due to
enhanced biliary  proliferation/ductular  reaction
and biliary senescence (concomitant with enhanced
expression/levels of the SASP, TGF-p1), thus acti-
vating HSCs and liver fibrosis by a paracrine mech-
anism.®” On the other hand, the decrease in liver
fibrosis observed in cholestatic mice after treatment
with an FGFR antagonist or an anti-FGF antibody is
likely due to the concomitant reduction in the duct-
ular reaction/biliary senescence and reduced release
of SASPs. This tight correlation between changes in
ductular reaction/biliary senescence and activation of
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HSCs by a paracrine pathway is supported by our
current and previous studies.* Supporting this con-
cept, decreased biliary senescence signaling by down-
regulation of pl6 (an inhibitor of cyclin-dependent
kinases) in Mdr2”~ mice by administration of p16
Vivo-Morpholino reduces ductular reaction and liver
inflammation and fibrosis.*¥ Although we have
shown that FGF1 increases liver inflammation in our
cholestatic mouse models, there are contrasting data
regarding the role of FGF/FGFR signaling in the
modulation of liver inflammation. In support of our
findings, a study has shown that disruption of FGF
signaling by FGFR inhibitors reduces inflammatory
responses (induced by concanavalin A) in HSCs.*”
Having demonstrated that FGF1 decreases the
expression of miR-16 in cholangiocytes from both
BDL and Mdr2”" mice, we evaluated the expres-
sion of miR-16, which by IPA software (Supporting
Fig. S4) displays close relationships with FGFR1 and
angiogenesis markers such as VEGFA. Similar to the
conundrum of FGF1 in hepatic injury, there are con-
troversial data regarding the role of miR-16 in liver
injury and repair. In contrast to previous studies and
our findings (showing down-regulation of miR-16
in cholangiocytes in Mdr2”~ mice and human PSC
samples), a study determined that (1) mice with acute
liver failure displayed higher levels of miR-16; and (2)
miR-16 knockdown reduced hepatic apoptosis and
tumor necrosis factor synthesis by a B cell lymphoma
2-dependent mechanism. (40) The difference in miR-
16 expression between this study and others (includ-
ing our current ﬁndings)(12’24’47)
that their injury was acute and the mice were sacrificed
within hours, likely resulting in the activation of dif-
ferent signaling pathways.“*® Similar to our findings,
Kim et al. demonstrated down-regulation of miR-16
in both CCl,-treated animals and patients with severe
liver fibrosis compared to W'T controls and patients
with mild fibrotic phenotypes.(lz) Furthermore, hepa-
titis B virus X protein reduces the expression of miR-
16, triggering the malignant transformation of the
hepatocyte line HepG2 cells in vitro.*” Nonetheless,
different from our experimental setting, during bili-
ary tract malignancy, increased miR-16 levels were
reported in human bile vesicles.*s
has been previously established that there is a complex
network of cross-talk between cholangiocytes and var-
ious hepatic residents, such as HSCs. We have shown
not only a decrease in miR-16 in cholangiocytes, but

may be due to the fact

) Furthermore, it
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also in serum and total liver TGF-p1 from our chronic
model. Previous research has shown that increases
in TGF-1 from neighboring cells activate resident
HSCs, leading to and increasing the fibrotic state.*
In this regard, the comparative evaluation, in PSC and
CCA, of the FGF1/miR16 interplay may also be of
interest to shed light on the possible mechanism lead-
ing from chronic biliary inflammation to cancer.

In summary, we have shown that treatment with
thFGF1 increases liver PSC phenotypes, whereas
AZDA4547, an FGFR antagonist, reduces cholangio-
cytes’ proinflammatory and proliferative phenotypes
and decreases biliary senescence and hepatic fibrosis
in both BDL and Mdr2”~ mice through changes in
miR-16-dependent angiogenesis. Modulation of the
FGF1 and miR-16 axis may yield therapeutic targets
for managing cholangiopathies such as PSC.
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