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Abstract

Background & Aims: Human non-alcoholic fatty liver disease (NAFLD) is characterized at
early stages by hepatic steatosis, which may progress to nonalcoholic steatohepatitis (NASH)
when the liver displays microvesicular steatosis, lobular inflammation, and pericellular fibrosis.
The secretin (SCT)/secretin receptor (SCTR) axis promotes biliary senescence and liver fibrosis in
cholestatic models through downregulation of miR-125b signaling. We aim to evaluate the effect
of disrupting biliary SCT/SCTR/miR-125b signaling on hepatic steatosis, biliary senescence and
liver fibrosis in NAFLD/NASH.

Approach & Results: /n vivo, 4 wk male WT, Sct’~ and Sctr!- mice were fed a control
diet (CD) or high-fat diet (HFD) for 16 wks. The expression of SCT/SCTR/miR-125b
axis was measured in human NAFLD/NASH liver samples and HFD mouse livers by
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immunohistochemistry (IHC) and gPCR. Biliary/hepatocyte senescence, ductular reaction and
liver angiogenesis were evaluated in mouse liver and human NAFLD/NASH liver samples.
miR-125b target lipogenesis genes in hepatocytes were screened and validated by custom RT2
Profiler PCR array and luciferase assay. Biliary SCT/SCTR expression was increased in human
NAFLD/NASH samples and in livers of HFD mice, whereas the expression of miR-125b was
decreased. Biliary/hepatocyte senescence, ductular reaction, and liver angiogenesis were observed
in human NAFLD/NASH samples as well as HFD mice, which were decreased in Sct’~ and
Sctr’- HFD mice. Elovi1 is a lipogenesis gene targeted by miR-125b, and its expression was also
decreased in HFD mouse hepatocytes following Sctor Sctrknockout. Bile acid profile in fecal
samples have the greatest changes between WT mice and Sct’/Sctr’ mice.

Conclusion: The biliary SCT/SCTR/miR-125b axis promotes liver steatosis by upregulating
lipid biosynthesis gene E/ov/1. Targeting the biliary SCT/SCTR/miR-125b axis may be key for
ameliorating phenotypes of human NAFLD/NASH.

Keywords
hepatic steatosis; miR-125b; ELOVL1; ductular reaction; angiogenesis

Introduction

Nonalcoholic fatty liver disease (NAFLD), characterized by hepatic steatosis, is an alarming
public health concern and is considered the most common liver disease worldwide (1).
Simple steatosis can progress to nonalcoholic steatohepatitis (NASH) when the liver
displays microvesicular steatosis, hepatocellular ballooning, lobular inflammation and
pericellular fibrosis (2). NASH is a growing cause of liver cirrhosis and hepatocellular
carcinoma ultimately leading to liver failure (3).

During cholestasis, cholangiocytes are the key link between biliary damage and fibrosis

that characterizes chronic hepatobiliary injury, through the products of their activation like
secretin (SCT) (4-6). Recent evidence indicates that cholangiocytes play a role in the
pathogenesis of NAFLD through activation of biliary proliferation (ductular reaction, DR)
and subsequent liver fibrosis (7, 8). One study found that secretin receptor (SCTR) knockout
mice are resistant to high-fat diet (HFD)-induced obesity and exhibit impaired intestinal
lipid absorption (9); however, the role of the SCT/SCTR axis in NAFLD/NASH progression
remains unknown.

Liver steatosis is determined by de novo lipogenesis, lipid uptake, fatty acid p-oxidation, and
very low-density lipoprotein (VLDL) secretion (10). Lipogenesis is regulated by acetyl-CoA
being converted to malonyl-CoA by acetyl-CoA carboxylase (ACC), and malonyl-CoA is
then converted to palmitate by fatty acid synthase (FASN) (11). Elevated lipogenesis, in
combination with excess adipose fatty acid release, is a significant contributor to NAFLD
(12). Elongation of very-long-chain fatty acids 1 (ELOVL1) is key for the synthesis of Cer
d24:0 and Cer d24:1(13); however, the relevance of ELOVL1 in NAFLD and NASH remains
unknown.
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miRNAs, which are small non-coding RNAs that regulate gene expression via RNA
silencing and post-transcriptional modification, may regulate lipid metabolism in the liver
(14, 15). The SCT/SCTR axis stimulates biliary senescence and liver fibrosis during
cholestasis by downregulation of miR-125b (6). miR-125b inhibits fat accumulation in

the liver during HFD (16) and regulates vascular endothelial growth factor-A (VEGF-A)
expression during cholestasis (17). Liver angiogenesis increases in NAFLD and contributes
to inflammation, fibrosis, and hepatocellular carcinoma development (18). The present study
was conducted using a HFD fed mouse model, as well as human NAFLD and NASH
samples to evaluate the role of the SCT/SCTR/miR-125b axis in NAFLD, and to explore the
potential target lipogenesis genes of miR-125b.

Materials and methods

Materials

Reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise indicated.
The antibodies for SCT and SCTR were obtained from Bioss (Woburn, MA) and Abcam
(Cambridge, MA). The antibodies for cytokeratin-19 (CK-19), desmin, cyclin-dependent
kinase inhibitor 2A (p16), VEGF-A, cluster of differentiation 68 (CD68) and von Willebrand
factor (vWF) were obtained from Abcam (Cambridge, MA). Cluster of differentiation

31 (CD31) antibody was purchased from R&D (Minneapolis, MN). The monoclonal
antibody for F4/80 was purchased from Cell Signaling Technology (Danvers, MA). The
two different antibodies for ELOVL1 were purchased from both Thermo Fisher Scientific
(Mountain View, CA) and Abcam (Cambridge, MA). Commercially available enzyme-
linked immunosorbent assay (ELISA) kits for measuring SCT levels were purchased from
Phoenix Pharmaceuticals (Burlingame, CA). ELISA kits to measure transforming growth
factor-p1 (TGF-B1) levels in serum and cholangiocyte supernatant were purchased from
Abcam. The mirVana™ miRNA Isolation Kit for RNA isolation was purchased from
Ambion (Mountain View, CA). Selected mouse and human PCR primers were purchased
from Qiagen (Valencia, CA). The iScript cDNA Synthesis Kit (170-8891) and iTaq
Universal SYBR Green Supermix were purchased from Bio-Rad (Hercules, CA). The
information on real-time PCR (¢gPCR) primers used is listed in the Supplemental Table

1.

Animal models

Animal procedures were performed according to protocols approved by the Baylor Scott
& White Health and Indiana University School of Medicine Institutional Animal Care
and Use Committees. C57/BL6 wild-type (WT) mice were purchased from Charles River
(Wilmington, MA). Sct’- and Sctr’- mouse colonies are established in our facility (19);
mice were originally obtained from Billy K. C. Chow, School of Biological Sciences, The
University of Hong Kong, Hong Kong. Sctr”- mice did not differ in locomotor activity

or energy expenditure compared with WT mice (9). We did not observe any specific
hepatic phenotypes in Sct”~and Sctr”- compared to WT mice. Mice were maintained in
microisolator cages in a temperature-controlled environment with 12:12-hour light-dark
cycles. Studies were performed in 4-week old male WT, Sct’~ and Sctr!™ mice fed either
a control diet (CD, Envigo, Indianapolis, IN) consisting of standard chow and reverse
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osmosis water or a HFD (0.2% cholesterol, high-fat trans-fat with 45% calories from fat;
Envigo, Indianapolis, IN) coupled with a high fructose corn syrup equivalent (55% fructose,
45% glucose, w/w) dissolved in reverse osmosis water for 16 wk (20). In all groups, liver
and body weight and liver to body weight ratio were measured; serum, total liver, feces,
cholangiocytes, hepatocytes and cholangiocyte/hepatocyte supernatants were collected.

Human samples

Liver samples from healthy human (n=4), NAFLD (n=9) and NASH (n=9) were purchased
from Sekisui Xeno Tech (Kansas City, KS). Another 5 NASH liver samples were obtained
from Dr. Burcin Ekser under the Institutional Review Board (IRB) approved protocol at
Indiana University School of Medicine. Patient demographics are listed in Supplemental
Table 2. Human serum samples (Control n=24, NAFLD n=10, NASH [stage 1 n=10, stage
2 n=10, stage 3 n=10, stage 4 n=59]) (Supplemental Table 3) were obtained from either Dr.
Burcin Ekser under the IRB approved protocol at Indiana University School of Medicine;
Dr. Wasim Dar under the protocol HSC-MS-12-0652 approved by UTHealth, McGovern
Medical School IRB and Committee for the Protection of Human Subjects in Houston,
Texas; or Dr. Niharika Samala under the IRB approved observational study of patients with
NAFLD at Indiana University School of Medicine.

Detailed descriptions for other experimental procedures are described in the Supplemental
Information.

Statistical analysis

All data are expressed as the mean = SD. Differences between groups were analyzed by
unpaired Student’s ¢test when two groups were analyzed and one-way ANOVA when more
than two groups were analyzed, followed by an appropriate post hoc test. The level of
significance was set at £< 0.05.

Results

SCT levels and biliary expression of the SCT/SCTR axis increases in patients with NAFLD/
NASH and HFD-fed mice

To address the relevance of SCT and SCTR to human NAFLD and NASH, we measured the
expression of SCT and SCTR in liver sections from human subjects. NAFLD and NASH
samples showed increased biliary SCT and SCTR immunoreactivity compared to control
(Figure 1A, Supplementary Figure 1A). Additionally, the mRNA expression of SCT and
SCTR (in total liver samples) and serum SCT levels were higher in NAFLD and NASH
compared to control (Figure 1B-C). The biliary immunoreactivity, as well as the mRNA
expression of Sctand Sctrwas higher in WT HFD compared to WT CD mice (Figure

1D-E, Supplementary Figure 1B). A very small number of periportal hepatocytes expressing
SCTR were observed in liver sections from human NASH (but not NAFLD) and in WT
mice fed HFD (Supplementary Figure 1A-B). SCT serum and cholangiocyte supernatant
levels were increased in WT HFD compared to WT CD mice (Figure 1F). SCT levels were
increased in the supernatant of a human primary cholangiocyte cell line (HIBEpiCs) treated
with FFASs (oleate acid (OA), palmitate acid (PA) or stearate acid (SA)) (Supplementary
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Figure 1C) along with increased SCTand SCTR expression (Supplementary Figure 1D)
when compared to control.

Knockout of the SCT/SCTR axis protects against HFD-induced liver injury and steatosis

H&E staining demonstrated that, after 16 wk of HFD feeding, WT mice displayed overt
NAFLD phenotypes: mixed micro- and macrovesicular steatosis involving 80-90% of
hepatocytes; increased portal lymphocytes with interface activity, pericellular fibrosis,
increased inflammation with lipogranulomas, and prominent Kupffer cell numbers; these
phenotypes were ameliorated in Sct’- and Sctr!- HFD mice (Figure 2A). WT HFD mice
had increased serum levels of aspartate aminotransferase (AST), alanine aminotransferase
(ALT), and alkaline phosphatase (ALK PHOS) compared to control mice, which were
decreased (while AST not significant) in Sct’- and Sctr’- HFD mice compared to WT HFD
mice (Supplemental Table 4). Additionally, Sct’- and Sctr!- HFD mice displayed a smaller
gain in body weight and lower liver to body weight ratio compared to WT HFD mice
(Supplemental Table 4). Furthermore, Sct’~ and Sctr!- HFD mice displayed a milder degree
of hepatic steatosis compared to WT HFD mice (Figure 2B). The mMRNA expression of the
fatty acid oxidation genes, Ppara, Acsl1, and Cptla, was significantly lower in hepatocytes
from WT HFD mice compared to WT CD mice (Figure 2C); however, the expression of
these genes was significantly increased in hepatocytes from both Sctr’- and Sctr’- HFD mice
compared to WT HFD mice (Figure 2C). The mRNA expression of adipogenesis genes
Ppary, Fasn, and Acaca was increased in hepatocytes from WT HFD mice compared to WT
CD mice, which was reversed in Sct’- and Sctr!- HFD mice (Figure 2D). Interestingly, the
expression of fatty acid oxidation genes was decreased in cholangiocytes from WT HFD
mice compared with WT CD mice, but increased in Sct’~ and Sctr’- HFD mice (Figure 2E).

SCT/SCTR axis downregulates biliary miR-125b in NAFLD and NASH

Cholangiocyte SCT/SCTR signaling stimulates biliary senescence and liver fibrosis

in cholestasis by downregulation of miR-125b (6), and miR-125b may inhibit fat
accumulation during HFD (16). We demonstrated that miR-125b expression is much higher
in cholangiocytes compared to hepatocytes (Supplementary Figure 2A), and miR-125b
expression was decreased in total liver samples from NAFLD and NASH patients compared
to control (Figure 3A). In mouse models, the expression of miR-125b was decreased in
cholangiocytes from WT HFD mice, which returned to values similar to those of WT

CD mice, in Sct’" and Sctr’- HFD mice (Figure 3B). Thus, we aimed to elucidate the
mechanisms by which the biliary SCT/SCTR/miR-125b axis (21) regulates hepatocyte
lipogenesis. miR-125b mimic and inhibitor were transfected into human hepatocytes (HHS)
(Supplementary Figure 2B). miR-125b mimic decreased lipogenesis in transfected HHs
treated with FFAS, whereas the miR-125b inhibitor increased lipogenesis (Supplementary
Figure 2C). To further explore the paracrine effect of cholangiocyte-derived miR-125b

on hepatocyte lipogenesis, we performed TargetScan and KEGG bioinformatic analyses
and found 29 lipid biosynthesis genes potentially targeted by miR-125b (Figure 3C). By
generating a custom RTZ Profiler PCR array, we found that 14 of the 29 genes increased

in WT HFD mouse hepatocytes compared to WT CD mice, and decreased in Sct’~ and
Sctr’- HFD mouse hepatocytes compared to WT HFD mice (Figure 3D-E). These 14

genes were further assessed by IPA to identify new and novel targets that have not
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previously been published. Our results identified 9 novel genes (/fng, St8sia4, Adhla3,
Acer2, Pgap3, Lpcat4, Elovil, St6galnac6, and Lclatl) that are most likely targeted by
miR-125b (Supplementary Figure 3A). To verify these observations, g°PCR was performed
to measure the levels of these 9 genes. Sct’~ and Sctr!- HFD mice had reduced expression
of these genes in hepatocytes compared to WT HFD mice (Figure 3F). These findings
identify a novel pathway whereby SCT/SCTR mediates hepatocyte lipogenesis via paracrine
miR-125b-dependent signaling.

Downregulation of miR-125b promotes steatosis by upregulating hepatocyte ELOVL1 in

NAFLD

We further validated the genes targeted by miR-125b in human NAFLD and NASH, as
well as HFD fed mice using TargetScan for both mouse and human sequences, to identify
targets with species consistency, and found 5 genes (Acer2, St8sia4, Stégalnacé, Elovil
and Lc/at?) from the 9 previously identified for further analysis (Supplementary Figure
3B). Dual luciferase reporter gene assay verified the miR-125b target genes, and the

results demonstrated that luciferase signaling was decreased in hepatocytes treated with
miR-125b mimic/pmirGLO-Acer2, miR-125b mimic/pmirGLO-Elovl1, miR-125b mimic/
pmirGLO-Lclat and miR-125b mimic/pmirGLO-St8sia4 compared with negative control
(NC) treatment (Figure 4A). The luciferase activity of the Elovll MUT 3’UTR was

not significantly different in miR-125b mimic and NC transfected Huh7, indicating that
miR-125b specifically binds to ELOVL 1 (Figure 4B). We observed increased mRNA
expression of ELOV/L 1 in HHs treated with cholangiocyte supernatant from WT HFD mice
when compared with supernatant from WT CD mice, which was reduced in HHs treated
with cholangiocyte supernatant from Sct’- and Sctr!- HFD mice (Supplementary Figure
3C). Furthermore, ELOVLL1 protein expression increased in NAFLD and NASH patients’
liver compared with control (Figure 4C). In WT HFD mice, the ELOVL1 expression was
increased in hepatocytes compared with WT CD mice; however, knockout of Sctor Sctr
decreased ELOVLL1 expression in hepatocytes following HFD feeding (Figure 4E). The
immunoreactivity of ELOVL1 was increased in NAFLD and NASH patients compared with
control (Figure 4D). There was also enhanced immunoreactivity for ELOVL1 in hepatocytes
from WT HFD mice compared with WT CD mice, which was reversed by knockout of Sct
and Sctr (Figure 4F).

Knockout of the SCT/SCTR axis reduces HFD-induced intrahepatic bile duct mass (IBDM)
and liver inflammation

By immunohistochemistry (IHC) for CK-19 (co-stained with CD68), IBDM increased

in NAFLD samples that did not show a significant increase in CD68 immunoreactivity
(Figure 5A), which suggests that IBDM precedes liver inflammation in NAFLD to NASH
progression. There was increased IBDM in WT HFD mice compared to WT CD mice,
which was reduced in Sct’- and Sctr’- HFD mice (Figure 5B).

Knockout of the SCT/SCTR axis reduces HFD-induced biliary and hepatocyte senescence

SA-B-gal staining demonstrated enhanced biliary and hepatocyte senescence in NAFLD and
NASH patients compared to control human samples (Figure 5C). Biliary and hepatocyte
senescence increased in WT HFD mice compared to WT CD mice, which was significantly
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decreased in Sct’- and Sctr’- HFD mice (Figure 5D, Supplementary Figure 4A). By
immunofluorescence, there was enhanced immunoreactivity for p16 in cholangiocytes (co-
stained with CK-19) and in hepatocytes (co-stained with HNF4a) from WT HFD mice
compared to WT CD (Figure 5E, Supplementary Figure 4B), which decreased in Sct’-

and Sctr!’- HFD mice. The mRNA expression of the senescence markers, CaknZa, Cdknla
and Cc/2, increased in cholangiocytes from WT HFD mice compared to WT CD, but
significantly decreased in Sct”~and Sctr”- HFD mice (Supplementary Figure 4C). /n vitro,
the expression of CadknZcand Caknlaincreased in immortalized murine cholangiocyte lines
(IMCLs) treated with OA, PA or SA compared to control, which was significantly reduced
in Sctr-shRNA transfected IMCLs (Supplementary Figure 4D).

Knockout of the SCT/SCTR axis decreases HFD-induced liver angiogenesis and
inflammation

We next evaluated the expression of (i) VEGF-A (a trophic factor for biliary mitosis and
liver fibrosis (17, 21)); and (ii) angiogenic factors that stimulate biliary proliferation and
liver fibrosis (22). We demonstrated: (i) enhanced immunoreactivity and mRNA expression
for VEGF-A in human NAFLD and NASH compared to control (Figure 6A); (ii) increased
expression of VWF in NAFLD and NASH patients compared to control (Figure 6B); and (iii)
enhanced VEGF-A immunoreactivity and mRNA expression in WT HFD mice compared
to WT CD, which was decreased in Sct’~ and Sctr’- HFD mice (Figure 6C). Furthermore,
CD31 immunoreactivity and mRNA expression in total liver were significantly higher in
WT HFD mice compared with WT CD, but significantly decreased in Sct’- and Sctr’- HFD
mice (Figure 6D). Similarly, the mRNA expression of Viwfwas increased in WT HFD mice
compared with WT CD mice but decreased in Sct’- and Sctr!- HFD mice (Supplementary
Figure 5A). In addition, there was an increased number of F4/80-positive cells and mRNA
expression of /16, /16, 1/33and Tnfa from WT HFD mice compared with WT CD (Figure
6E, Supplementary Figure 5B), which was decreased in Sct’" and Sctr’- HFD mice.

Knockout of the SCT/SCSR axis reduces HFD-induced liver fibrosis and biliary TGF-$1

levels

There was a significant increase in collagen deposition in WT HFD mice compared to WT
CD mice, which was significantly reduced in Sct’ and Sctr’- HFD mice (Figure 7A). The
mMRNA expression of fibrosis markers increased in total liver samples (Figure 7B) from
WT HFD mice compared to WT CD mice, but decreased in Sct’~ and Sctr’- HFD mice.
Desmin and a-SMA immunoreactivity increased in WT HFD mice compared with WT CD
mice (Figure 7C), but this was decreased in Sct”~-and Sctr’- HFD mice (Figure 7C). The
expression of collagen | was increased in WT HFD mice compared with WT CD mice, but
decreased in Sct”- HFD mice (Supplementary Figure 6A). TGF-B1 levels were significantly
increased in serum and cholangiocyte supernatants from WT HFD mice compared to

WT CD mice but decreased in Sct’- and Sctr’- HFD mice (Figure 7D). Human hepatic
stellate cells (HHSteCs) were treated with /in vivoisolated cholangiocyte supernatants

to evaluate the paracrine effect of cholangiocyte-secreted factors (e.g. TGF-B1) on HSC
activation. Interestingly, there was increased expression of fibrosis markers (ACTAZ, TGF-
B1, COL1AIand FNI) in HHSteCs treated with cholangiocyte supernatant from WT HFD
mice when compared with supernatant from WT CD mice (Supplementary Figure 6B).
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However, the fibrosis gene expression was reduced in HHSteCs treated with cholangiocyte
supernatant from Sct’- and Sctr’- HFD mice (Figure 7D). Biliary mRNA expression of
Collal Tgf-p1 and Fn1was significantly increased in WT HFD mice compared to WT CD
mice, but decreased in Sct’- and Sctr!- HFD mice (Supplementary Figure 6C). /n vitro, the
expression of Collal, Tgf-B1 and Fnlwas increased in IMCLSs treated with OA, PA or SA
compared to control, which was reduced in Sctr-shRNA transfected IMCLs (Supplementary
Figure 6D).

Knockout of the SCT/SCTR axis alters fecal total bile acid levels, bile acid composition and
subsequent signaling pathways

Bile acid data showed that fecal bile acid levels and composition are more prominently
altered than the serum or liver bile acid levels and composition in Sct/ Sctr knockout mice
compared to WT mice (Supplementary Table 5-10). Of note, Sctor Sctrknockout increased
total bile acid fecal excretion (Supplementary Table 9), but also significantly increased

the level of secondary bile acids that are metabolized by the gut microbiota (e.g. ®MCA
and DCA), thus demonstrating that Sct Sctr knockout may modify the gut microbiota
(Supplementary Table 6). While not significant, total bile acid levels were reduced in the
liver but enhanced in the serum of Sctand Sctrknockout mice fed HFD compared to WT
HFD mice (Supplementary Table 8, Supplementary Table 10). The expression of ASBT
(apical Na+-dependent bile acid transporter, upregulated by secretin) gene, Slc10a2, was
increased in cholangiocytes from WT HFD mice compared to WT CD mice, which was
reversed in Sct’- or Sctr’- HFD mice (Supplementary Figure 7A), and loss of biliary ASBT
may decrease cholehepatic shunting thus leading to the aforementioned changes in hepatic
and serum total bile acid levels. Furthermore, the expression of Cyp7b1 was decreased

in hepatocytes from WT HFD mice compared to WT CD mice, but was increased in
hepatocytes from Sct”- and Sctr”- HFD mice (Supplementary Figure 7B), which may also
account for the enhanced serum and fecal bile acid levels.

Discussion

The SCT/SCTR axis exerts pleiotropic effects, including regulation of fluid homeostasis
(23) and development of obesity (24). The SCT/SCTR axis, only expressed by
cholangiocytes in the liver (25), stimulates ductular reaction/senescence (by an autocrine
loop) (21, 26) and liver fibrosis (by a paracrine loop) (5) in cholestasis (4). SCT stimulates
lipolysis and lipid absorption in adipose cells (24) and Sctrknockout mice are resistant to
HFD-induced obesity (9). The liver constitutes an essential organ in lipid metabolism and
is a central regulator of lipid homeostasis (27). In this study, we provide data indicating
that biliary SCT/SCTR signaling is associated with changes in biliary senescence (by an
autocrine loop) and liver steatosis, fibrosis and angiogenesis (by paracrine mechanisms) in
NAFLD/NASH. Sctor Sctrknockout decreases HFD-induced liver steatosis by regulating
miR-125b/ELOVL1 expression in hepatocytes. HFD-induced biliary/hepatocyte senescence,
DR, liver fibrosis and angiogenesis were reduced by Sctor Sctrknockout, and Sctor Sctr
knockout increased total bile acid fecal excretion in HFD mice.
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In human NAFLD/NASH and HFD-fed mice, we observed increased biliary expression of
the SCT/SCTR and enhanced SCT serum levels, providing the first evidence that the SCT/
SCTR axis is linked to NAFLD/NASH. Furthermore, /n vitro cholangiocytes treated with
FFAs displayed increased SCT secretion supporting the specific, direct interaction of FFAs
with cholangiocytes. Taken together with our previous studies showing that enhanced SCT/
SCTR expression induces DR and liver fibrosis in cholestasis (4, 28), our work suggests that
enhanced SCT/SCTR signaling regulates the phenotypes (e.g., liver inflammation, steatosis
and fibrosis) of NAFLD/NASH.

Although we have previously demonstrated that SCT and SCTR are only expressed by
cholangiocytes in control human liver and are upregulated during cholestatic liver injury, we
wanted to evaluate if there is a change in hepatocyte SCT and SCTR expression in models
of steatosis and steatohepatitis. We observed that a small number of periportal hepatocytes
express SCTR in both human NASH and WT mice fed HFD; however, whether these SCTR
positive hepatocytes are hepatocytes acquiring biliary phenotypes, or they are cholangiocytes
that are transdifferentiating to hepatocytes needs to be further studied.

Hepatic steatosis, defined by triglyceride accumulation in hepatocytes, is the earliest
manifestation of NAFLD (29). Sctand Sctrknockout ameliorated HFD-induced hepatic
steatosis. During hepatic lipid homeostasis, de novo lipogenesis is instrumental in the
development of hepatic steatosis (30). Studies using stable isotope tracers suggest that one
important characteristic of NAFLD is abnormally elevated hepatocyte lipogenesis (31). Our
data shows that the expression of lipogenesis genes was reversed in Sct’~ or Sctr!- HFD
hepatocytes compared to WT HFD. Studies have shown that miR-125b is also implicated

in different liver diseases (32). miR-125b promotes HSC activation by activating RhoA
signaling in CCl, or BDL mouse models (32). miR-125b promotes the NF-xB-mediated
inflammatory response in hepatocytes from NAFLD (33). We have previously demonstrated
that SCT/SCTR mediated downregulation of miR-125b promotes biliary proliferation and
liver fibrosis during cholestasis (6, 21), whereas overexpression of miR-125b protects
HFD-induced hepatic steatosis (16). In our study, miR-125b expression was decreased

in human NAFLD/NASH liver and WT HFD mouse cholangiocytes, which was reversed

by Sctor Sctrknockout. In addition, we found the expression of miR-125b is increased

in cholangiocytes compared to hepatocytes. Therefore, we propose that SCT-dependent
miR-125b plays a role in the modulation of NAFLD phenotypes by paracrine mechanisms.
It is known that cell-cell communication is mediated via extracellular vesicle (EV)-delivered
miRNAs (34), suggesting a possible paracrine cross-talk between cholangiocytes and
hepatocytes likely mediated by SCT/SCTR/miR-125b signaling.

Our data verified that the lipogenesis gene E/ov/1is a target of miR-125b. ELOVL1

is increased in NASH Pren null livers, which increases liver lipogenesis (35). This

study identifies that changes in a signaling pathway specific to cholangiocytes (i.e., SCT/
SCTR axis) modulate, in a paracrine fashion, hepatic steatosis during NAFLD/NASH.
Nevertheless, our studies do not exclude the possibility that SCT effects on hepatic steatosis
may be due to impaired intestinal lipid absorption (9), but this issue will be elucidated by
feeding cholangiocyte-specific Sctr’- mice with HFD. Our data herein demonstrates that
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miR-125b targets ELOVL1 to regulate hepatocytes lipogenesis, indicating that the biliary
SCT/SCTR axis has a direct effect on hepatic steatosis.

SCT-regulated miR-125b targets VEGF-A in models of cholestasis (17), and we noted
increased VEGF-A expression and angiogenesis in human NAFLD/NASH. Angiogenesis,
defined as new vessel formation from pre-existing vessels, is a key event in NAFLD
progression (36) and pathologic angiogenesis increases with NASH (37). VEGF-A
expression and angiogenesis were increased in HFD fed mice but reduced with knockout
of Sctor Sctr. These findings suggest that biliary SCT/SCTR/miR-125b axis regulates
angiogenesis in NAFLD/NASH. The hepatic inflammatory response is an important driving
force of NAFLD progression to NASH (38). We found that depletion of Sctor Sctr
reduced proinflammatory responses in HFD fed mice, demonstrating the paracrine role

of the SCT/SCTR axis in regulating inflammatory events during NASH development.
Portal inflammatory infiltrate is significantly associated with periportal DR in NAFLD
(39), and DR in NAFLD accompanies more advanced histological impairments (8). HFD-
induced DR was reduced in Sct’~ or Sctr!- mice, and other studies have demonstrated

that: (i) SCT stimulates biliary proliferation in cholestasis (21); and (ii) knockout of Sct

or Sctr, or treatment of cholestatic rodents with a SCTR antagonist decreases DR (5,

6, 21). We observed DR in human NAFLD samples without significant inflammatory
infiltrate, suggesting that DR precedes liver inflammation in NAFLD/NASH. These findings
further highlight the paracrine role of the biliary SCT/SCTR axis in NAFLD/NASH
development. Aside from DR, senescent cholangiocytes play various roles in aggravated
liver inflammation and fibrosis by secreting senescence-associated secretory phenotypes
(SASPs) (4, 40, 41). Evidence suggests that senescence is involved cholangiopathy
pathogenesis (42), and our lab has shown that Sctr”~ mice have reduced biliary senescence
in cholestatic models (5, 6). In this study, cholangiocyte senescence was observed in
human NAFLD/NASH (43) and HFD fed mice, but was significantly decreased in Sct’~ or
Sctr’- HFD mice. FFAs can induce cholangiocyte damage in NAFLD (7). Interestingly, our
data found that /n7 vitro knockdown of cholangiocyte Sctrdecreased senescence following
FFAs treatment, providing further evidence that loss of SCT/SCTR signaling reduces
biliary damage during NAFLD progression. One study has demonstrated that hepatocyte
senescence correlates closely with fibrosis stage and predicts progression in NAFLD (44).
Herein, we found that hepatocyte senescence increased in human NAFLD/NASH and HFD-
fed mice, and Sctor Sctrknockout decreases HFD-induced hepatocyte senescence.

Fibrosis is associated with long-term outcomes in NASH (45), and the presence of
advanced fibrosis, including bridging fibrosis and cirrhosis, has the highest risk of mortality
related to liver disease (46). In NAFLD/NASH, fibrosis can be followed by steatosis (47),
angiogenesis (18), portal inflammation (38) and biliary senescence (48). After HFD feeding,
WT mice showed enhanced hepatic fibrosis, which was decreased in Sct’~ or Sctr'- HFD
mice. HSC activation is crucial for the deposition of the extracellular matrix during liver
fibrosis, which was observed in HHSteCs treated with cholangiocyte supernatant from WT
HFD mice (containing higher levels of TGF-p1), but this was not noted in HHSteCs treated
with cholangiocyte supernatant from Sct’~ or Sctr!- HFD mice (containing little to no
TGF-B1). These findings support our hypothesis that biliary SCT/SCTR signaling promotes
hepatic fibrosis.
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NAFLD and NASH might be linked to dysregulation of cholesterol metabolism through the
alternative pathway of bile acid synthesis that is mediated by Cyp7b1 (49). We analyzed the
bile acid profile in liver, serum and feces samples in our mice fed CD or HFD. We found that
knockout of Sctor Sctrincreases total bile acid fecal excretion and modulates secondary bile
acid metabolized by the gut microbiota. Interestingly, the ASBT gene, S/c10aZ, expression
was increased in WT HFD cholangiocytes but decreased in Sct’~ or Sctr!- HFD mice,
showing reduced cholehepatic shunting. We hypothesize that a similar mechanism maybe
occurring in the intestines, whereby the increased bile acid fecal excretion may be due

to reduced enterohepatic circulation regulated by SCT/ASBT in the intestines, but this
warrants further studies. Parallel with previous findings (50), we demonstrated that Cyp7b1
expression was decreased in WT HFD hepatocytes, whereas Sctor Sctrknockout reverses
the expression of Cyp7b1, which indicates Sctor Sctrknockout alleviate HFD-induced liver
injury by altering bile acid pathway.

In conclusion, we have demonstrated that cholangiocytes play a key role in regulating
hepatic steatosis during NAFLD. We demonstrate that the biliary SCT/SCTR/miR-125b
axis plays an important role in regulating biliary senescence, steatosis, angiogenesis,
inflammation, and hepatic fibrosis in NAFLD/NASH (Figure 8). Targeting the biliary SCT/
SCTR/miR-125b axis may be key for ameliorating phenotypes of human NAFLD/NASH.
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Refer to Web version on PubMed Central for supplementary material.
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Pgap3 Post-GPI Attachment To Proteins Phospholipase 3

Ppara peroxisome proliferator activated receptor a

Ppary peroxisome proliferator activated receptor -y

PSC primary sclerosing cholangitis

SA Stearate acid

Sct secretin

Sctr secretin receptor

St6galnac6 ST6 N-Acetylgalactosaminide Alpha-2,6-Sialyltransferase
6
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Sialyltransferase 4
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VEGF-A vascular endothelial growth factor-A
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Figure 1. Biliary SCT/SCTR expression isincreased in human NAFLD and HFD mice.
(A) Representative IHC images for SCT and SCTR in liver from patients with NAFLD

(n=9) and NASH (n=14) and control (n=4) (40x%; scale bar, 25 um). (B) mRNA expression of
SCTand SCTRin human NAFLD (n=9) and NASH (n=15) liver. (C) SCT levels in NAFLD
(n=10) and NASH (stage 1-4; n=89) patients’ serum. (D) Representative images of SCT and
SCTR expression in liver sections from WT CD and WT HFD mice (n=3; 40x; scale bar, 25
um), E) mRNA expression of Sctand Sctrin isolated mouse cholangiocytes (n=3 reactions
from samples obtained from a cumulative cell preparation from 8 mice). (F) SCT levels in
mouse serum and cholangiocyte supernatant (n=3 reactions from samples obtained from a
cumulative cell preparation from 8 mice). Data are mean + SD. *£<0.05 versus Control or

WT CD.
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Figure 2. SCT or SCTR knockout protects against HFD-induced steatosis.
(A) Representative H&E images in liver from Sct’- and Sctr!- HFD mice (n=8; 20x; scale

bar, 50 um). (B) Representative images of Oil Red O staining in Sct’~ and Sctr’- HFD mice.
(n=24 from 8 different mice; 20x%; scale bar, 50 um). (C) Fatty acid oxidation genes Ppara,
Acsl1and Cptla expression in hepatocytes from Sct’~ and Sctr’- HFD mice (n=3 reactions
from samples obtained from a cumulative cell preparation from 8 mice). (D) The expression
of adipogenesis gene Ppary, Fasnand Acaca in hepatocytes from Sct’- and Sctr’- HFD
mice (n=3 reactions from samples obtained from a cumulative cell preparation from 8
mice). (E) The expression fatty acid oxidation gene (Ppara, Acs/1 and Cptla) expression in
cholangiocytes from Sct’- and Sctr’- HFD mice (n=3 reactions from samples obtained from
a cumulative cell preparation from 8 mice). Data are mean + SD. *P<0.05 versus WT CD,
#P<0.05 versus WT HFD.
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Figure 3. SCT/SCTR axis downregulates biliary miR-125b that targets lipogenesis genesin
NAFLD.

(A) miR-125b expression in liver of NAFLD (n=9) and NASH (n=14). (B) miR-125b
expression in cholangiocytes from selected mouse groups (n=3 reactions from samples
obtained from a cumulative cell preparation from 8 mice). (C) Venn map of predicted
miR-125b target lipid biosynthetic process genes by TargetScan and KEGG. (D) Custom
RT2 Profiler PCR array was used to analyze miR-125b potential target lipid biosynthetic
process genes expression between WT HFD and Sct’/Sctr!- HFD mouse in hepatocytes
(n=3 reactions from samples obtained from a cumulative cell preparation from 8 mice).

(E) The Volcano Plot identifies significant gene expression changes. (F) The expression

of Ifng, St8siad, Adhla3, Acer2, Pgap3, Lpcatd, Elovl1, Stégalnac6and Lc/atl in mouse
hepatocytes (n=3 reactions from samples obtained from a cumulative cell preparation from 8
mice). Data are mean + SD. *£<0.05 versus Control or WT CD; #P<0.05 versus WT HFD.
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Figure 4. miR-125b promotes steatosis by upregulating Elovl1.
(A) Luciferase activities were detected after post-transfection of pmirGLO vectors (Acer2,

St8sia4, Stégalnac6, Elovll and Lclatl) and miR-125b mimic transfection in Huh7 cells
(n=3). (B) Luciferase activities were detected after post-transfection of pmirGLO vectors
(Acer2, St8sia4, Elovll and Lclatl MUT 3’UTR) and miR-125b mimic transfection in
Huh7 cells (n=3). (C) ELOVL1 expression in NAFLD (n=9) and NASH (n=14) patients
(n=4) was detected by western blot. (D) Representative IHC images for ELOVL1 in liver
from patients with NAFLD (n=9) and NASH (n=14) and control (n=4) (20x%; scale bar, 50
um). (E) ELOVL1 expression was detected by western blot in mouse isolated hepatocytes
(n=3 reactions from samples obtained from a cumulative cell preparation from 8 mice). (F)
Representative IHC images for ELOVL1 in mouse livers (n=8; 20x; scale bar, 50 pm). Data
are mean + SD. *P<0.05 versus Control, WT CD or mimic negative control; #£<0.05

versus WT HFD.
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Figure 5. HFD-induced intrahepatic bile duct mass (IBDM) precedesinflammation and is
reduced by SCT and SCTR knockout.

(A) Representative IHC images for CK-19 in liver from patients with NAFLD (n=9) and
NASH (n=14) and control (n=4) (10x; scale bar, 100 um)). (B) Representative IHC images
for CK-19 in liver from Sct’- and Sctr’- HFD mice (n=24 from 8 different mice; 10x; scale
bar, 100 um). (C) Biliary senescence in liver from NAFLD (n=9) and NASH (n=14) patients
was measured by SA-p-gal staining (20%; scale bar, 50 pm). (D) Measurement of biliary
senescence in Scr’- and Sctr’- HFD mouse liver by SA-B-gal staining (n=24 from 8 different
mice; 20x; scale bar, 50 pm). (E) Immunofluorescence for p16 /CK-19 in Sct’~ and Sctr’-
HFD mouse livers (n=8; upper four panels: Orig. magn. x20, scale bar 50 pm; lower panel:
Orig. magn. x100, scale bar 10 um; red CK-19, green p16, purple HNF4a, blue DAPI; white
arrow: p16 positive cholangiocytes). Data are mean + SD. *£<0.05 versus Control or WT
CD; #P<0.05 versus WT HFD.
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Figure 6. Knockout of the SCT/SCTR decreases HFD-induced liver angiogenesis and
inflammation.
(A) VEGF-A expression in livers from NAFLD (n=9) and NASH (n=14) was measured

by immunohistochemistry (20%; scale bar, 50 pm) and by gPCR. (B) Liver angiogenesis in
liver samples from NAFLD (n=9) and NASH (n=14) was observed by immunofluorescence
of VWF (20x; scale bar, 50 pm). (C) VEGF-A expression in Sct’ and Sctr’- HFD mouse
liver was measured by immunohistochemistry (n=3; 20x%; scale bar, 50 um) and gPCR. (D)
Angiogenesis in mouse liver samples was observed by immunofluorescence of CD31 (n=3;
40x; scale bar, 25 um) and gPCR of Pecamn1 in total liver (n=3). (E) Liver inflammation was
detected by immunohistochemistry for F4/80 in Sct’- and Sctr- HFD mice (n=24 from 8
different mice; 10x; scale bar, 100 um). Data are mean = SD. *P<0.05 versus WT CD or
Control, #£<0.05 versus WT HFD.
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Figure 7. Knockout of the SCT/SCTR axisreduces HFD induced liver fibrosis.
(A) Measurement of collagen deposition by Sirius Red staining in Sct’- and Sctr’- HFD

mice liver (n=24 from 8 different mice; 10x; scale bar, 100 um). (B) mRNA expression of
fibrotic markers in Sct’- and Sctr’- HFD mouse total liver; n=3. (C) Immunofluorescence
for a-SMA/desmin in mouse livers (n=8; 20x; scale bar, 50 um). (D) TGF-B1 levels in
mouse serum and cholangiocyte supernatant (n=3 reactions from samples obtained from a
cumulative cell preparation from 8 mice). Data are mean + SD. *P<0.05 versus WT CD, #P
<0.05 versus WT HFD.
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Figure 8. Working model of biliary SCT/SCTR/miR-125b axisregulation of biliary damage,
steatosis, and hepatic fibrosisin NAFLD/NASH.

Biliary SCT and SCTR expression is increased in NAFLD. SCT/SCTR downregulation
biliary miR-125b promotes steatosis by targeting lipogenesis gene ELOVL1 in NAFLD.
Increased cholangiocyte-derived TGF-B1 induces HSC activation by paracrine in NAFLD.
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