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Abstract

Secretin receptor (SR), only expressed by cholangiocytes, plays a key role in the regulation of
biliary damage and liver fibrosis. The aim of this study was to determine the effects of genetic
depletion of SR in Mdr2™/~ mice on intrahepatic biliary mass, liver fibrosis, senescence and
angiogenesis. 12 wk SR™~, Mdr2~~ and SR™-/Mdr2~/~ mice with corresponding wild-type mice
were used for the /in vivo studies. Immunohistochemistry or immunofluorescence was performed
in liver sections for (i) biliary expression of SR; (ii) hematoxylin and eosin; (iii) intrahepatic
biliary mass by CK-19; (iv) fibrosis by Collal and a-SMA; (v) senescence by SA-B-gal and p16;
and (vi) angiogenesis by VEGF-A and CD31. Secretin (Sct) and TGF-B1 levels were measured in
serum and cholangiocyte supernatant by ELISA. In total liver, isolated cholangiocytes or HSCs,
we evaluated the expression of fibrosis markers (FN-1 and Collal); senescence markers (p16 and
CCL2); microRNA 125b and angiogenesis markers (VEGF-A, VEGFR-2, CD31 and vVWF) by
immunoblots and/or gPCR. /n vitro, we measured the paracrine effect of cholangiocyte
supernatant on the expression of senescent and fibrosis markers in human hepatic stellate cells
(HHSteCs). The increased level of ductular reaction, fibrosis and angiogenesis in Mdr2~/~ mice
was reduced in SR™~/Mdr2~/~ mice. Enhanced senescence levels in cholangiocytes from Mdr2~/-
mice were reversed to normal in SR~=/Mdr2~/~ mice. However, senescence was decreased in
HSCs from Mdr2~/~ mice but returned to normal values in SR™=/Mdr2~/~ mice. /n vitro treatment
of HHSteCs with supernatant from cholangiocyte lacking SR (containing lower biliary levels of
Sct-dependent TGF-B1) have decreased fibrotic reaction and increased cellular senescence. Sct-
induced TGF-p1 secretion was mediated by microRNA 125b. Our data suggest that differential
modulation of angiogenesis-dependent senescence of cholangiocytes and HSCs may be important
for the treatment of liver fibrosis in cholangiopathies.

Introduction

In addition to playing a role in the modification of the composition of canalicular bile before
reaching the small intestinel, cholangiocytes are the target cells in a number of chronic
cholestatic liver diseases including primary sclerosing cholangitis (PSC) and primary biliary
cholangitis (PBC)2-. With the absence of effective treatment, PSC patients are likely to
develop into cholangiocarcinoma (CCA)3 6.

Proliferating cholangiocytes secrete and respond to neuroendocrine hormones including
secretin (Sct)”- 8, which is secreted by S cells of the duodenum, as well as cholangiocytes®.
In addition to stimulating biliary bicarbonate secretion by interaction with basolateral
receptors (SR) expressed only by cholangiocytes’: 10-12 the Sct/SR axis plays a key role in
the modulation of biliary mass and liver fibrosis by both autocrine/paracrine

mechanisms?: & 9. For example, the activation of the Sct/SR axis increases: (i) intrahepatic
biliary mass by microRNA 125b-dependent increased expression of vascular endothelial
growth factor-A (VEGF-A)?; and (ii) liver fibrosis by enhanced secretion of biliary
transforming growth factor-B1 (TGF-p1) leading to paracrine activation of hepatic stellate
cells (HSCs)? 9. Conversely, knockout of SR or administration of a SR antagonist (Sct 5-27)
inhibits ductular reaction and ameliorates liver fibrosis in bile duct ligated and Mdr2~/~
mice? & 9, Furthermore, enhanced expression of the Sct/SR/TGF-B1 axis has been
demonstrated in the liver of PSC patients compared to healthy individuals?.
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Cellular senescence is a cell cycle arrest of proliferation that occurs when cells experience
cellular stress, including DNA damage, dysfunctional telomeres and oncogenic mutations?3.
Cellular senescence of cholangiocytes and its associated secretion of senescence-associated
secretory phenotypes (SASP, e.g., TGF-B1, p16, CCL2 and SA-B-gal)? 1 is a key hallmark
of cholangiopathies including PSC and PBC, which contributes to the paracrine activation of
HSCs (coupled with decreased HSCs senescence) and enhanced liver fibrosis!®: 16,
Furthermore, in human PSC livers a large percentage of cholangiocytes exhibit SASP15-17,
In support of this concept, we have previously shown that: (i) substance P-induced increase
in liver fibrosis is associated with enhanced biliary senescence and reduced HSCs
senescencel8: and (ii) enhanced cholangiocyte senescence (mediated by increased substance
P-dependent biliary TGF-B1 secretion) leads to a paracrine activation of HSCs through
decreased cellular senescence and activation of a fibrogenic phenotypel8. However, the
impact of the Sct/SR axis on the senescence of cholangiocytes and HSCs during cholestasis
is unknown. In the present study, we hypothesized that the Sct/SR axis plays a regulatory
role in ductular reaction and liver fibrosis through differential changes in the senescence of
cholangiocytes and HSCs in the Mdr2(Abcb4) (7~) mouse model of PSC2: 19. 20,

Materials and Methods

Materials

Reagents were purchased from Sigma-Aldrich Co. (St. Louis, MO) unless otherwise
indicated. The RNeasy Mini Kits for RNA isolation and the selected mouse and human PCR
primers were purchased from Qiagen (Valencia, CA). The mouse and human primers used
are described in the Supplementary Information). The antibody for SR was obtained from
Bioss (Woburn, MA). The antibodies for a-SMA, CD31, cytokeratin-19 (CK-19), Collal,
desmin, IL-6, p16, PCNA, TNF-a, VEGF-A and VEGFR-2 were obtained from Abcam
(Cambridge, MA). Enzyme-linked immunosorbent assay (ELISA) kits to measure TGF-p1
levels were purchased from Affymetrix Inc. (Santa Clara, CA). Mouse Cytokine ELISA
Plate Array | to measure inflammatory cytokines was purchased from Signosis, Inc. (Santa
Clara, CA).

Animal Models

The animal experiments were performed according to protocols approved by the Baylor
Scott & White IACUC Committee. Male C57BL/6 wild-type (WT) mice (control for SR~
mice) were purchased from Charles River (Wilmington, MA). Male FVB/NJ WT mice (25—
30 gm, control for Mdr2~/~ mice) were purchased from Jackson Laboratories (Bar Harbor,
Maine). C57/FVB WT mice were obtained after breeding C57BL/6 with FVB/NJ mice.
Both SR/~ and Mdr2~/~ mouse colonies are established in our animal facility? 8. The
established mouse strains (having different backgrounds), SR/~ and Mdr2~/~, were crossed
until the homozygous double knockout (SR™~/Mdr2~/-) mice were obtained. The genotype
of each SR™-/Mdr2~/~ mouse was confirmed by PCR amplification of genomic DNA
extracted from the tail (described in the Supplementary Information). Animals were
maintained in a temperature-controlled environment (20-22°C) with 12:12-hr light/dark
cycles and fed ad /ibitum standard chow with free access to drinking water. The experiments
were performed in the corresponding WT mice as well as SR™~, Mdr2~/~ and SR~/
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Mdr2~/~ mice (all 12 wk age) (Table 1). Before liver perfusion, animals were treated with
euthasol (200-250 mg/kg BW). In all groups, we measured liver and body weight and liver
to body weight ratio, an index of liver cell growth’.

Cholangiocyte Isolation and Laser Capture Microdissection (LCM)-isolated HSCs

Cholangiocytes were obtained by immunoaffinity separation® % 11 using a monoclonal
antibody (a gift from Dr. R. Faris, Brown University, Providence, RI) that is expressed by all
intrahepatic cholangiocytes. Cell viability (greater than 97%) was assessed by trypan blue
exclusion. HSCs were isolated by LCM2. Frozen liver sections (n=3, 10 um thick) were
incubated overnight with an antibody against desmin (marker of stellate cells)?L. Following
staining, desmin-positive HSCs were dissected from the slides by a LCM system Leica
LMD7000 (Buffalo Grove, IL) and collected into a PCR tube before being analyzed. The
RNA from HSCs was extracted with the Arcturus PicoPure RNA isolation kit (Thermo
Fisher Scientific CO, Mountain View, CA). The /in vitro studies were performed in our
immortalized murine biliary cell lines (IMCLs)? and human hepatic stellate cell lines
(HHSteCs, Sciencell, Carlsbad, USA).

SR Immunoreactivity in Liver Sections and Sct Levels in Serum and Cholangiocyte

Supernatant

The immunoreactivity of SR was measured by immunohistochemistry in paraffin-embedded
liver sections (4-5 um thick, 10 different fields from 3 samples from 3 animals).
Observations were processed by Image-Pro Plus software (Media Cybernetics, Silver
Springs, MD) in a blinded fashion by one board-certified pathologist?2. Sct levels were
measured in serum and cholangiocyte supernatant by ELISA Kits (Phoenix Pharmaceuticals,
Inc., Burlingame, CA)°.

Measurement of Liver Histology, Serum Chemistry and Intrahepatic Bile Duct Mass (IBDM)

The histology of liver, pancreas, heart, spleen, lung, kidney, stomach, small and large
intestine was evaluated in paraffin-embedded liver sections (4-5 pum thick) by hematoxylin
and eosin staining. Observations were processed by Image-Pro Plus software (Media
Cybernetics) in a blinded fashion by a board-certified pathologist. Serum levels of glutamate
pyruvate transaminases (SGPT), glutamic oxaloacetic transaminase (SGOT) and alkaline
phosphatase (ALP) were measured by IDEXX Catalyst One Chemistry Analyzer and VetLab
Station (Westbrook, ME). IBDM in paraffin-embedded liver sections (4-5 um thick, 10
fields evaluated from 3 samples from 3 animals) was measured?. Sections were examined by
the Olympus Image Pro-Analyzer software (Olympus, Tokyo, Japan). Biliary proliferation
was evaluated by measurement of PCNA and Ki67 expression in cholangiocytes by
immunoblots and/or gPCRZ3. The protocols of immunoblot and gPCR are described in the
Supplementary Information.

Measurement of Liver Fibrosis in Liver Sections, Cholangiocytes and HSCs, and TGF-1
Levels in Serum and Cholangiocyte Supernatant

Liver fibrosis was evaluated by Sirius Red staining in paraffin-embedded liver sections (4-5
um thick, 10 different fields analyzed from 3 samples from 3 animals). Collagen content was
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quantified by Image-Pro Plus software (Media Cybernetics, Silver Springs, MD)22,
Immunofluorescence double staining was performed for Collal (co-stained with CK-19) or
a-SMA (costained with desmin) in frozen liver sections (10 pm thick). Immunofluorescent
staining was visualized using Leica TCS SP5 X system (Leica Microsystems Inc.). The
mMRNA expression of Collal and FN-1 was evaluated in cholangiocytes and/or HSCs by
gPCR and/or immunoblots. TGF-p1 levels in serum and cholangiocyte supernatant were
measured by ELISA kits?.

Measurement of Cellular Senescence in Liver Sections, Isolated Cholangiocytes and HSCs

Biliary senescence was evaluated in frozen liver sections (10 pm thick) by staining for SA-B-
gal using commercially available kits (MilliporeSigma, Billerica, MA); all the experiments
were performed in 3 different liver samples from 3 animals. By immunofluorescence for p16
(co-stained with CK-19) senescence was measured in frozen liver sections (10 um thick) for
cholangiocytes. The expression of the senescent genes p16 and CCL2 were evaluated in
cholangiocytes and HSCs by immunoblots and/or gPCR. The genes related to senescence,
fibrosis and angiogenesis were analyzed using Ingenuity pathway analysis (IPA) software
(Ingenuity System, Qiagen, Redwood City, CA) for the functionally relevant pathway?: 2.
IPA is a web-based functional analysis software that helps researchers to search for targeted
information on genes, proteins, chemicals, diseases, and drugs, as well as building custom
biological models in life science research.

Expression of microRNA 125b, Angiogenesis and Inflammatory Genes

The expression of Sct-dependent microRNA 125b (that regulates IBDM and liver fibrosis
through changes in the expression of biliary VEGF-A) was measured by gPCR®. By
immunohistochemistry, we evaluated the semiquantitative immunoreactivity for VEGF-A in
liver sections (4-5 um thick, 10 different fields analyzed from 3 different samples). When 0—
5% of bile ducts were positive for VEGF-A, a negative score was assigned; a +/— score was
assigned when 6-10% of bile ducts were positive; a + score was assigned when 11-30% of
bile ducts were positive; a ++ score was assigned with 31-60% of bile ducts positive; and a
score +++ was assigned when more than 61% of bile ducts were positive. The expression of:
(i) VEGF-A/R-2 in cholangiocytes and total liver; (ii) IL-6 and TNF-a in cholangiocytes;
and (iii) CD31 and vWF in total liver was evaluated by immunoblots and/or gPCR.
Immunofluorescence for the expression of CD31 was performed in frozen liver sections (10
pm thick). Immunofluorescent staining was visualized using Leica TCS SP5 X system
(Leica Microsystems Inc.).

In Vitro Effect of Cholangiocyte Supernatant on the Expression of Senescent and Fibrosis
Genes in HHSteCs

We performed experiments to demonstrate that cholangiocyte supernatant (displaying
different levels of TGF-B1 depending on the expression of the Sct/SR axis)? differentially
affect the expression of senescence and fibrosis of HHSteCs. In biliary supernatants, the
levels of TGF-P1 were measured by ELISA kits. HHSteCs were incubated with
cholangiocyte supernatants from the selected groups of animals for 12 hr (in the absence or
presence of LY2109761, 10 uM, a TGF-p1 receptor antagonist, Cayman Chemical, Ann
Arbor, M1)24 before measuring the expression of VEGF-A and senescent and fibrosis genes
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by gPCR. To determine that Sct increases TGF-B1 levels by a microRNA 125b-dependent
mechanism, IMCLs were treated with Sct (10 nM in the absence/presence of a microRNA
125b mimic precursor, 5 uM)? for 12 hr before measuring TGF-B1 mRNA expression (by
gPCR) and secretion by ELISA kits. To provide conclusive evidence that TGF-B1 directly
modulates the function IMCLs and HHSteCs, these cells were stimulated with TGF-p1 (10
nM) for 12 hr before measuring the expression of VEGF-A and senescent and fibrosis genes
by gPCR. IMCLs and HHSteCs were treated with r-VEGFA (100 nM)25 for 12 hr at 37°C
before measuring the expression of senescent and fibrosis markers by gPCR. We also
evaluated by immunofluorescence the expression of VEGFR-2 in cell smears of IMCLs and
HHSteCs. Immunofluorescent staining was visualized using Leica TCS SP5 X system
(Leica Microsystems Inc.).

Statistical Analysis

Results

Data are expressed as mean + SEM. Differences between groups were analyzed by Student’s
unpaired t-test when two groups were analyzed and ANOVA when more than two groups
were analyzed, followed by an appropriate post hoc test.

Validation of the SR™"/Mdr2~/~ Mouse Model: Expression of SR in Liver Sections

To validate SR and Mdr2 deletion in SR™~/Mdr2~~ homozygous mice, genomic DNA was
extracted from tail and subjected to PCR genotyping analysis (Suppl. Figure 1). DNA from
SR~~/Mdr2/~ mice showed bands corresponding to the mutant alleles of both SR and
Mdr2. There was enhanced immunoreactivity of SR (red arrows) in liver sections from
Mdr2~/~ compared to the corresponding WT mice (Figure 1); no immunoreactivity for SR
was observed in SR~ and SR™~/Mdr2~~ mice compared to WT mice (Figure 1, green
arrowheads).

Loss of SR in Mdr2~/~ mice Ameliorates Liver Damage

Mdr2~/~ mice display typical features of PSC such as increased connective tissue deposition
and higher inflammatory infiltration, phenotypes that were improved in SR~~/Mdr2~/~
mice; no significant changes were noted in SR/~ compared to WT mice (Suppl. Figure 2).
No significant changes were observed in the morphology of pancreas, heart, kidney,
stomach, small and large intestine in all animal groups (Suppl. Figure 2). The spleen of
Mdr2~/~ mice showed a higher presence of white pulp compared to red pulp, probably due
to an increase in the inflammatory reaction (Suppl. Figure 2). There was enhanced
inflammatory infiltration in the pulmonary parenchyma of the lungs of Mdr2~/~ mice that
was reduced in SR™~/Mdr2~/~ mice (Suppl. Figure 2). Liver to body weight ratio increased
in Mdr2~/~ compared to the corresponding WT mice but decreased in SR™/~/Mdr2/~
compared to Mdr2~/~ mice (Table 1). Serum levels of SGPT, SGOT and ALP increased in
Mdr2~/~ compared to WT mice but decreased in SR™/~/Mdr2~/~ compared to Mdr2~/~ mice
(Table 1). There were enhanced TGF-B1 serum levels in Mdr2~/~ compared to WT mice,
levels that returned to values similar to that of normal values in SR™~/Mdr2~/~ mice (Table
1).
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Decreased IBDM and Liver Fibrosis in SR™-/Mdr2~/~ Mice

In Mdr2~/~ mice, there was increased IBDM compared to WT mice, which was reduced in
SR~~/Mdr27/~ compared to Mdr2~/~ mice (Figure 2 A); no significant changes in IBDM
were noted in SR™/~ compared to WT mice (Figure 2 A). There was increased expression of
PCNA and Ki67 in cholangiocytes from Mdr2~/~ mice, which was decreased in SR™~/
Mdr2~/~ compared to Mdr2~~ mice (Figure 2 B, Suppl. Figure 3); no significant changes
were observed in the biliary expression of PCNA and Ki67 in SR~ mice compared to WT
mice (Figure 2 B). There was enhanced collagen deposition in liver sections from Mdr2~/~
compared to WT mice, which was significantly decreased in SR™~~/Mdr2~/~ compared to
Mdr2~/~ mice (Figure 3 A). By immunofluorescence in liver sections, there was enhanced
immunoreactivity for Collal (green color costained with CK-19, red) in Mdr2~/~ compared
to WT mice, which was reduced in SR™~/Mdr2~/~ compared to Mdr2~/~ mice (Figure 3 B).
Similarly, there was enhanced co-localization of a-SMA (red) and desmin (green) in HSCs
from Mdr2~/~ compared to WT mice, immunoreactivity that was decreased in SR~/
Mdr2~/~ compared to Mdr2~~ mice (Figure 3 C). In addition, there was enhanced
expression of Collal and FN-1 in isolated cholangiocytes and HSCs from Mdr2~/~ mice
compared to the corresponding WT mice, increase that was significantly reduced in SR~/
Mdr2~/~ mice compared to Mdr2~/~ mice (Figure 3 D, Suppl. Figure 3).

Loss of SR in Mdr2~/~ Mice Decreases Biliary Senescence but Increases Cellular
Senescence of HSCs

IPA was performed to ascertain the cellular context of the differentially expressed signaling
mechanisms related to the Sct/SR axis mediated liver injury. IPA analysis demonstrated that
the cellular senescence pathway was the altered signaling through p16 and CCL2-related
pathological mechanisms (related by the Sct/SR/micro RNA 125b/TGF-B1/VEGF-A axis)
(Suppl. Fig. 4). To evaluate the underlying mechanisms by which the modulation of SR
expression regulates liver fibrosis, we evaluated the effect of SR knock-out on cellular
senescence in liver sections, isolated cholangiocytes and HSCs. By SA-B-gal staining in
liver sections there was enhanced biliary senescence from Mdr2~/~ compared to WT mice,
which was significantly decreased in SR™~/Mdr2~/~ when compared to Mdr2~/~ mice
(Figure 4 A). By immunofluorescence in liver sections from Mdr2~/~ mice, there was
enhanced immunoreactivity for p16 (costained with CK-19) in cholangiocytes compared to
WT mice, immunoreactivity that was reduced in SR™~/Mdr2~/~ compared to Mdr2~/~ mice
(Figure 4 B). There was enhanced expression of p16 and CCL2 in cholangiocytes from
Mdr2~/~ mice compared to WT mice, which decreased in SR™~/Mdr2~/~ compared to
Mdr2~/~ mice (Figure 4 C, Suppl. Figure 3). Conversely, the expression of p16 and CCL2
was significantly decreased in HSCs from Mdr2~/~ compared to WT mice, changes that
returned to values similar to that of normal WT group in SR™=/Mdr2~/~ mice (Figure 4 C).

Loss of SR in Mdr2~/~ Mice Decreases Sct Levels, the Expression of MicroRNA 125b,
Angiogenesis and Inflammatory Genes

Sct levels in serum and cholangiocyte supernatant were increased in Mdr2~/~ mice compared
to WT mice, which was decreased in SR™/~/Mdr2~/~ compared to Mdr2~/~ mice (Figure 5
A). Consistent with our previous study?, the expression of microRNA 125b decreased in
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cholangiocytes from Mdr2~/~ compared to WT mice, expression that returned to values
similar to that of normal WT group in SR™=/Mdr2~/~ mice (Figure 5 B). We also
demonstrated: (i) enhanced expression of VEGF-A and VEGFR-2 in cholangiocytes and
total liver as well as CD31 and VWF in total liver from Mdr2~/~ mice compared to WT mice,
changes that returned to values similar to that of normal WT group in SR™~/Mdr2~/~ mice
(Figures 5 B—C, Suppl. Figure 3); and (ii) increased immunoreactivity for VEGF-A and
CD31 in liver sections from Mdr2~/~ compared to relative WT mice, which was reduced in
SR~/~/Mdr27/~ compared to Mdr2~/~ mice (Figures 5 D—E). Interestingly, as the Sct/SR axis
also plays a key role in the paracrine regulation of liver inflammation®: & 26 we observed
enhanced levels of IL-6 and TNF-a in cholangiocytes from Mdr2~/~ mice compared to
relative WT mice but decreased in cholangiocytes from SR~/~/Mdr2~/~ compared to Mdr2~/~
mice (Suppl. Figure 5 A). Mouse cytokine array showed increased inflammation cytokine
expression in cholangiocyte supernatant from Mdr2~/~ mice compared to WT mice, which
decreased in SR™"/Mdr2~/~ compared to Mdr2~~ mice. suggesting SR regulates
inflammatory response in cholangiocytes (Suppl. Figure 5 B).

In Vitro Paracrine Effect of Cholangiocyte Supernatant on the Expression of Senescent
and Fibrosis Genes in HHSteCs

There were enhanced levels of Sct-stimulated TGF-B1 in cholangiocyte supernatant from
Mdr2~/~ mice (containing higher Sct levels compared to normal cholangiocyte supernatant),
levels that returned to values similar to that of relative WT group in cholangiocyte
supernatant from SR™~/Mdr2~/~ mice (Table 1). There was increased expression of VEGF-
A and fibrotic markers but decreased senescence gene expression in HHSteCs treated with
cholangiocyte supernatants from Mdr2~/~ mice (containing higher levels of TGF-B1, Table
1) compared to HHSteCs treated with supernatant from WT mice; these changes returned to
normal levels when HHSteCs were treated with cholangiocyte supernatant from SR~/
Mdr2~/~ mice (Figure 6 A). These effects were also reversed when HHSteCs were
preincubated with LY 2109761 before treatment with the cholangiocyte supernatants from
Mdr2~/~ mice (Figure 6 B). Sct increased TGF-B1 mRNA expression of IMCLs and TGF-B1
levels in IMCLSs supernatant, increases that were prevented by preincubation of IMCLs with
a microRNA 125b precursor before treatment with Sct (Figure 6 C). Treatment of: (i)
IMCLs with TGF-B1 and r-VEGF-A, respectively, increased the expression of VEGF-A,
fibrosis and senescence genes; and (ii) HHSteCs with TGF-B1 and r-VEGF-A, respectively,
increased the expression of VEGF-A, fibrosis but decreased senescence genes in HHSteCs
(Figure 6 D-E). The effects of r-VEGF-A on IMCLs and HHSteCs are mediated by
interaction with VEGFR-2 (Suppl. Figure 6) that is expressed in both cholangiocytes and
hepatic stellate cells?> 27.

Discussion

We demonstrated that the genetic knockout of SR in Mdr2~/~ mice has significant inhibitory
effects on ductular reaction as well as liver fibrosis through differential changes in the
senescence of cholangiocytes and HSCs. The increase in biliary mass and liver fibrosis in
Mdr2~/~ mice was associated with enhanced senescence of cholangiocytes but decreased
HSC senescence, changes that returned to normal values in SR™-/Mdr2~/~ mice. The effects
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of knockout of the Sct/SR axis in Mdr2~/~ mice on biliary hyperplasia and liver fibrosis were
associated with: (i) decreased levels of Sct and biliary Sct-dependent TGF-B12, which we
have shown to activate biliary senescence (by an autocrine Sct-dependent loop, Wu and
Alpini, unpublished observations, 2018 and Figure 6 C) and liver fibrosis by a paracrine
pathway through decreased senescence of HSCs?; and (ii) increased biliary expression of
Sct-dependent microRNA 125b?2 and subsequent reduction of microRNA 125b-dependent
VEGF-A expression (that increases biliary senescence and fibrosis of IMCLs and decrease
HSC senescence but increases fibrogenic activity of HHSteCs)2. /n vitro: (i) Sct-induced
TGF-p1 secretion was mediated by microRNA 125b; and (ii) treatment of HHSteCs with the
supernatant of cholangiocyte lacking SR (containing lower biliary levels of TGF-p1)?
displayed decreased fibrosis mMRNA expression and increased cellular senescence compared
to HHSteCs treated with cholangiocyte supernatant from Mdr2~/~ mice.

Changes in ductular reaction in response to cholestatic liver injury are modulated by a
number of neuroendocrine/gastrointestinal factors such as gastrin, histamine, angiogenic
factors (e.g., VEGF-A), neurotransmitters, melatonin, sex hormones and Sct> 28: 2%, Among
these neuroendocrine factors, Sct (that exerts its effects by selective interaction with
basolateral SR expressed only by cholangiocytes)2 plays a key role in the autocrine
modulation of biliary damage/proliferation/homeostasis in addition to the paracrine
regulation of liver inflammation and fibrosis? 5 7-9: 31, For example, we have previously
shown that: (i) Sct increases ductular reaction both by autocrine/paracrine pathways through
upregulation of cAMP-dependent protein kinase A signaling as well as microRNA 125b-
dependent VEGF-A expression® 28:30: and (ii) knockout of the Sct/SR axis reduces biliary
hyperplasia as well as liver fibrosis by a paracrine mechanism involving microRNA 125b-
dependent decrease of biliary TGF-B1 secretion and reduced VEGF-A expression?: 9,
Ingenuity Pathway Analysis indicated that the Sct/SR axis is a major upstream regulator of
the pathway networks under our experimental conditions, may be suggesting a central role
of Sct in regulating liver senescence, angiogenesis and fibrosis. However, our previous
studies have limitation because we did not evaluate the potential role of the Sct/SR/
microRNA 125b/TGF-B1/VEGF-A axis on the modulation of cellular senescence that may
affect both the senescence of cholangiocytes (by an autocrine loop) as well as the senescence
of HSCs by a paracrine mechanism mediated by the release of SASP (e.g., in addition to
TGF-p1, interleukin-6 (IL-6), IL-8, CCL2, p16/21, SA-B-gal, PAI-1 and substance
P)16-18,31,32 pjliary SASP that play a key role in the activation of HSCs and liver
fibrosis!6: 33, Supporting this finding, a recent /n vitro study in the human cholangiocyte
line, MMNK-1, has identified by microarray analysis differentially regulated genes in
response to lysophosphatidylcholine, which included IL-6/8, TGF-B1 and PAI-131. Parallel
to this line of research, we have not only demonstrated that TGF-f1, induces the activation
of HSCs through decreased cellular senescence by a paracrine mechanism, but also provided
novel evidence that TGF-B1 increases biliary senescence by an autocrine loop, thus further
increasing the paracrine activation of HSCs by cholangiocytes. Moreover, supporting the key
role of TGF-B1 in modulating biliary homeostasis and liver fibrosis, Mdr2~~ mice treated
with the SR antagonist (Sec 5-27) displayed reduced biliary mass and HSCs activation,
which correlates with decreased TGF-B1/TGF-B1 receptor axis expression2. The observation
that attenuated liver fibrosis is associated with decreased senescence of cholangiocytes
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(associated with reduced Sct-dependent TGF-B1 expression/secretion) is consistent with the
finding by Moncsek et al.33, who demonstrated that senescent cholangiocytes promote the
development of liver fibrosis by secretion of Bcl-XL, which is a key survival factor for
several senescent cell types. Inhibition of Bcl-XL in Mdr2~~ mice depletes senescent
cholangiocytes and reduces liver fibrosis.

Since we have previously demonstrated that Sct increases liver fibrosis by: (i)
downregulation of microRNA 125b leading to upregulation of VEGF-A,; and (ii) stimulation
of biliary TGF-B1 secretion, we performed /n vitro experiments to demonstrate that: a. Sct-
stimulation of TGF-B1 biliary expression/secretion in IMCLs is mediated by microRNA
125b; and b. upregulation of VEGF-A in IMCLs (which also increases proliferation and
cellular senescence of cholangiocytes by an autocrine loop)?® is mediated by the Sct-
modulation of TGF-B1 expression. In support of this concept, microRNA 125b has been
shown to play an important role in the regulation of TGF-p1/Smads signaling. For example,
microRNA 125b has been shown to be negatively correlated with TGF-p1/Smads signaling
pathway in a model of peribiliary fibrosis caused by Clonorchis sinensis34. Furthermore,
other studies have shown that the downstream targets of miRNA 125b include STAT3, IL-6
as well as TGF-B/Smads signaling3® 36, Also, microRNA 125b has been shown to potentiate
early neural specification of human embryonic stem cells by a Smad4-dependent
mechanism, since reduced microRNA 125b expression leads to upregulation of Smad438.
Taken together, our findings support the hypothesis that the Sct/microRNA 125b/TGF-p1
axis plays a key role in the autocrine modulation of biliary senescence as well as the
paracrine regulation of liver fibrosis through decreased HSCs senescence. Since we have
shown that Sct increases biliary proliferation by microRNA 125b-dependent increase in
VEGF-A, we performed experiments that demonstrated that r-VEGF-A increases (in
addition to biliary proliferation)2® fibrosis and senescence mRNA expression of IMCLs but
increases fibrosis and decreases cellular senescence in HHSteCs. Although VEGF has been
shown to: (i) decrease the expression of the senescent genes, p16/p21, in human dermal
microvascular endothelial cells; and (ii) to increase biliary proliferation2> and periductular
fibrosis3’ and fibrogenesis of HSCs?’, no information exists regarding the effect of VEGF-A
on biliary and HSC senescence. On this basis, our study provides novel information that
VEGF-A is an important SASP that increases biliary senescence (that subsequently activates
HSCs by a paracrine pathway) as well as directly HSC fibrogenic activity through decreased
HSC senescence. The data introduce the key concept that the Sct/microRNA 125b/TGF-p1/
VEGF-A axis is an important mediator of biliary and HSC fibrogenic activity through
different changes in biliary (autocrine loop) and HSC (paracrine loop) senescence. Since
HSCs secrete VEGF38, we have to also consider in our models the possibility that changes
of VEGF-A signaling affects the fibrogenic activity and cellular senescence of HSCs by an
autocrine pathway.

However, one of the unsolved questions of this study is the mechanism by which the Sct/SR/
microRNA 125b/TGF-B1/VEGF-A axis regulates the differential changes of senescence in
cholangiocytes and HSCs. We postulate that this difference may be explained in terms of the
heterogeneity of the biliary epithelium3?, as the Sct/SR axis may target different sized
cholangiocytes that may respond differentially to liver injury. We speculate that a subset of
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large cholangiocytes may lose the ability to proliferate and undergo cellular senescence and
subsequently interact with nearby undamaged small and large cholangiocytes inducing
damage/senescence of these cells. However, additional studies are required to isolate and
characterize these different subsets of cholangiocytes in order to pinpoint the specific
subpopulations of cholangiocytes undergoing senescence.

A proposed working model for our study is depicted in Figure 7. We have identified that
long-term depletion of SR in genetically altered SR™-/Mdr2~/~ mice has a significant
impact on ductular reaction/fibrosis (by an autocrine loop involving the Sct/TGF-p1 axis),
cellular senescence and fibrogenic activity of HSCs by a paracrine mechanism. Modulation
of the Sct/SR/TGF-P1 axis may be a key therapeutic target in the treatment of
cholangiopathies including PSC.
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Refer to Web version on PubMed Central for supplementary material.
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FN-1 fibronectin-1

GAPDH glyceraldehyde-3-phosphate dehydrogenase
HHSteCs human hepatic stellate cell lines

HSCs hepatic stellate cells
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IL-6 interleukin 6
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Expression of SR in liver sections. Immunohistochemistry for SR shows that Mdr2~/~ mice
have higher immunoreactivity for SR (red arrows depicting bile ducts) compared to WT
mice. No immunoreactivity was observed for SR in SR™~ and SR™/~/Mdr2~/~ mice (green
arrowheads). Original magn., 40x.
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Figure 2.
[A-B] Measurement of ductular reaction. [A] There was increased IBDM (red arrows) in

Mdr2~/~ mice compared to WT mice, which was reduced in SR™/~/Mdr2~/~ mice compared
to Mdr2~/~ mice; no significant changes in IBDM were noted in SR™'~ compared to WT
mice. Original magn., 40x. [B] There was increased mRNA expression of PCNA and Ki67
in cholangiocytes from Mdr2~~ mice, which was decreased in SR™~/Mdr2~/~ compared to
Mdr2~/~ mice. Data are mean + SEM of n=3 from a cumulative preparation of
cholangiocytes from 8 mice. *p<0.05 versus FVB mice; #p<0.05 versus Mdr2~/~ mice.
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[A] Measurement of collagen deposition in liver sections. There was enhanced collagen
deposition in Mdr2~/~ mice compared to WT mice, which was significantly decreased in SR
~I=/Mdr27/~ compared to Mdr2~/~ mice. Orig. magn., x20. [B-C] By immunofluorescence
in liver sections, there was enhanced immunoreactivity for Collal (green color, costained
with CK-19 in red) in Mdr2~/~ (compared to WT mice), which was reduced in SR™~/
Mdr2~/~ compared to Mdr2~~ mice. There was enhanced co-localization of a-SMA and
desmin (a-SMA in green color, costained with desmin in red) in HSCs from Mdr2~/~
compared to WT that was decreased in SR™~/Mdr2~/~ compared to Mdr2~/~ mice. Scale bar
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=100 pm. [D] There was enhanced expression of Collal and FN-1 in isolated
cholangiocytes and HSCs from Mdr2~~ mice compared to the corresponding WT mice,
increase that was significantly reduced in SR™=/Mdr2~~ mice compared to Mdr2~/~ mice.
Data are mean £ SEM of n=3 from one cumulative preparation of cholangiocytes from 8
mice, and 3 preparations of LCM-isolated HSCs from 3 mice. *p<0.05 vs. FVB mice;
#9<0.05 vs. Mdr2~/~ mice.
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Figure 4.

[A] Measurement of cellular senescence in liver sections by SA-B-gal staining in liver
sections (orig. magn., x40), there was enhanced cellular senescence in liver sections from
Mdr2~/~ mice compared to the respective WT mice, which was decreased in SR~~/Mdr27/~
mice compared to Mdr2~/~ mice. [B] There was enhanced immunoreactivity for p16 (green,
co-stained with CK-19, red) in liver sections from Mdr2~/~ mice compared to corresponding
WT mice, which was reduced in SR™~/Mdr2~/~ compared to Mdr2~/~ mice; nuclei are
stained with DAPI. Scale bar = 20 um. [C] There was enhanced expression of p16 and
CCL2 in cholangiocytes from Mdr2~/~ mice compared to relative WT mice but decreased in
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cholangiocytes from SR™/~/Mdr2~/~ compared to Mdr2~/~ mice. The expression of p16 and
CCL2 was significantly decreased in HSCs from Mdr2~/~ compared to relative WT mice,
changes that returned to values similar to that of WT group in SR™~/Mdr2~/~ mice. Data are
mean + SEM of n=3 from one cumulative preparation of cholangiocytes from 8 mice, and 3
preparations of LCM-isolated HSCs from 3 mice. *p<0.05 vs. FVB mice; #p<0.05 vs.
Mdr2~/~ mice.
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Figure 5.

[A] Both Sct levels in serum and cholangiocyte supernatant were increased in Mdr2~/~ mice
compared to relative WT mice, which was decreased in SR™~/Mdr2~/~ mice compared to
Mdr2~/~ mice. *p<0.05 vs. FVB mice; #p<0.05 vs. Mdr2~/~ mice. Data are mean + SEM of
n=3 from 9 mice. [B—C] There was enhanced expression microRNA 125b in cholangiocytes,
VEGF-A and VEGFR-2 in both cholangiocytes and total liver, as well as CD31 and VWF in
total liver from Mdr2~/~ mice compared to the corresponding WT mice, expression that
returned to values similar to that of normal WT group in SR™~/Mdr2~/~ mice. Data are
mean + SEM of n=3 from one cumulative preparation of cholangiocytes from 8 mice, and 3
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total liver samples from 3 mice. *p<0.05 vs. FVB mice; #p<0.05 vs. Mdr2~/~ mice. [D]
There was enhanced immunoreactivity for VEGF-A in liver sections from Mdr2~/~ mice
compared to relative WT mice, which was reduced in SR™-/Mdr2~/~ mice compared to
Mdr2~/~ mice; orig. magn., x40. [E] There was enhanced immunoreactivity for CD-31
(green color, costained with CK-19 in red) in liver sections from Mdr2~/~ mice compared to
relative WT mice, which was reduced in SR™~/Mdr2~ mice compared to Mdr2~/~ mice;
Scale bar = 100 pm.
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Figure 6.
[A-B] There was increased expression of fibrosis but decreased senescence gene expression

in HHSteCs treated with cholangiocyte supernatant from Mdr2~/~ mice compared to
HHSteCs treated with supernatant from WT, effects that were reversed when HHSteCs were
treated with cholangiocyte supernatant from SR™/~/Mdr2~/~. These effects were reversed
when HHSteCs were preincubated with LY2109761 before treatment with the cholangiocyte
supernatants from Mdr2~/~ mice. No effects were observed with WT cholangiocyte
supernatant. Data are mean £ SEM of 3 different evaluations. *p<0.05 vs. HHSteCs treated
with cholangiocyte supernatant from FVB mice. #p<0.05 vs. HHSteCs treated with
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cholangiocyte supernatant from Mdr2~/~ mice. [C] Sct increased TGF-B1 mRNA expression
of IMCLs and TGF-B1 levels in IMCLs supernatant, increases that were prevented by
preincubation of IMCLs with a microRNA 125b precursor before treatment with Sct.
*p<0.05 vs. Basal. #p<0.05 vs. Sct. [D-E] Treatment of: (i) IMCLs with TGF-B1 and r-
VEGF-A, respectively, increased the expression of VEGF-A, fibrosis and senescence genes;
and (ii) HHSteCs with TGF-B1 and r-VEGF-A, respectively, increased the expression of
VEGEF-A, fibrosis but decreased senescence genes in HHSteCs. *p<0.05 vs. basal value.
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Figure 7.
In the Mdr2~~ mouse model, there is activation of the Sct/SR axis that increases microRNA

125b-dependent TGF-B1 biliary secretion that: (i) increases cholangiocyte senescence by an
autocrine mechanism; and (ii) triggers liver fibrosis by a paracrine loop. The increase in
TGF-p1 biliary secretion (mediated by the Sct/SR/microRNA 125b axis) leads to enhanced
VEGF-A expression, which subsequently increases cholangiocyte senescence (by an
autocrine loop) and increases fibrogenic activity but decreases cellular senescence of HSCs
by a paracrine loop.
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