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Abstract

The secretin/secretin receptor (SR) axis is upregulated by proliferating cholangiocytes during
cholestasis. Secretin stimulates biliary proliferation by downregulation of let-7a and subsequent
upregulation of the growth-promoting factor NGF. It is not know if the secretin/SR axis plays a
role in subepithelial fibrosis observed during cholestasis. Our aim was to determine the role of
secretin/SR axis in the activation of biliary fibrosis in animal models and human primary
sclerosing cholangitis (PSC). Studies were performed in Wild-type (WT) mice with bile duct
ligation (BDL), BDL SR™/~ mice or Mdr2~/~ mouse models of cholestatic liver injury. In selected
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studies, the SR antagonist (Sec 5-27) was used to block the secretin/SR axis. Biliary proliferation
and fibrosis were evaluated as well as the secretion of secretin (by cholangiocytes and S cells), the
expression of markers of fibrosis, TGF-p1, TGF-B1R, let-7a and downstream expression of NGF.
Correlative studies were performed in human control and PSC liver tissue biopsies, serum and
bile. SR antagonist reduced biliary proliferation and hepatic fibrosis in BDL WT and Mdr2~/~
mice. There was decreased expression of let-7a in BDL and Mdr2~/~ cholangiocytes that was
associated with increased NGF expression. Inhibition of let-7a accelerated liver fibrosis due to
cholestasis. There was increased expression of TGF-B1, TGF-B1R. Significantly higher expression
of secretin, SR and TGF-B1 was observed in PSC patient liver samples compared to healthy
controls. In addition, there was higher expression of fibrosis genes and remarkably decreased
expression of let-7a and increased expression of NGF compared to the control.

Conclusion—The secretin/SR axis plays a key role in regulating the biliary contribution to
cholestasis-induced hepatic fibrosis.
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Cholangiocytes line the intrahepatic biliary system and participate in several different
cellular processes including the modification of ductal bile before reaching the duodenum
(1). Cholangiocytes are the target cells in several human cholangiopathies including primary
biliary cirrhosis and primary sclerosing cholangitis (PSC), which are diseases characterized
by extensive fibrosis (2). Cholangiocytes are normally mitotically dormant and proliferate in
response to liver injury during extrahepatic bile duct obstruction (BDL) and in the Mdr2~/~
mouse model of PSC (3). Proliferating cholangiocytes display neuroendocrine
characteristics and secrete and respond to several neuropeptides and gastrointestinal
hormones that modulate cholangiocyte responses to injury via autocrine/paracrine
mechanisms (4).

Secretin is secreted by duodenal S cells, brain and cholangiocytes (4-6). Secretin exerts its
effects through secretin receptor (SR), which is expressed in the liver by large
cholangiocytes (7-9). Enhanced biliary proliferation during cholestasis is associated with
increased SR expression on cholangiocytes and increased CAMP dependent secretin-
stimulated ductal secretion (4, 10, 11).

Administration of secretin stimulates cholangiocyte proliferation via activation of SR
through a cAMP/PKA/ERK1/2 dependent mechanism (4, 10). Knockout of SR reduces
cholangiocyte hyperplasia in cholestatic mice indicating that secretin is an important trophic
regulator sustaining biliary growth (10). Recently, we explored the role of secretin in the
regulation of biliary proliferation in a secretin knockout (Sct™'~) model during extrahepatic
cholestasis (4). In this study, we found that following liver injury, secretin produced by
cholangiocytes and S cells reduces the expression level of miRNA let-7a resulting in
upregulation of the target gene NGF that is a proliferative factor for cholangiocytes (12).

During the progression of liver diseases, cholangiocytes, through the products released
during their neuroendocrine activation, have been suggested as a link between biliary injury
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and activation of hepatic fibrogenesis (13). No information exists on the role that the
secretin/SR axis plays in the activation of hepatic fibrogenesis during cholestasis. Thus, we
evaluate the role of the secretin/SR axis in hepatic fibrogenesis in the BDL and Mdr2
knockout animal models of PSC by modulating the axis with the SR antagonist (Sec 5-27)
(14).

Materials and Methods

Materials

Reagents were purchased from Sigma-Aldrich Co. (St. Louis, MO) unless otherwise
indicated. The RNeasy Mini Kit for RNA purification and mouse PCR primers were
purchased from Qiagen (Valencia, CA); details are provided in Suppl. File 1. The primary
antibodies for cytokeratin-19 (CK-19) and CD31 (marker of endothelial cells) (15) were
purchased from Abcam (Cambridge, MA). The antibodies against TGF-p1 and phospho-
SMAD?2/3 were purchased from Cell Signaling Technology (Danvers, MA). The TGF-p1
receptor antibody was purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX). The
ELISA Kits to measure TGF-B1 levels were purchased from Affymetrix Inc. (Santa Clara,
CA). The EIA kits (EK-067-04) to measure secretin levels in mice were purchased from
Phoenix Pharmaceuticals, Inc., Burlingame, CA. The EIA kits (EK6-067-03) to measure
secretin levels in human serum and bile were purchased from Phoenix Pharmaceuticals, Inc.

Animal Models

All animal experiments were performed according to protocols approved by the Baylor Scott
& White IACUC Committee. C57/BL6 wild-type (WT) mice (25-30 gm) were purchased
from Charles River (Wilmington, MA). The SR™~ mouse colony (16) is established in our
facility. Male FVB/NJ WT and Mdr2~/~ (17) mice (25-30 g) were purchased from Jackson
Laboratories (Sacramento, CA). Animals were maintained in a temperature-controlled
environment (20-22°C) with 12:12-h light/dark cycles and fed ad /ibitum standard chow
with free access to drinking water. The studies were performed in: (i) normal and 1 wk BDL
WT and SR™'~ mice; and (ii) normal or BDL WT mice that immediately after surgery were
treated with saline, secretin (2.5 nmoles/kg BW/day) (4) or the SR antagonist, Sec 5-27 (10
ug/kg BW/day, Thermo Scientific, Waltham, MA) by IP implanted osmotic minipumps for 1
wk. Sec 5-27 has been previously used in another 7 vivo study (14). Since the effects of
secretin on biliary hyperplasia are mediated by downregulation of miRNA let-7a-dependent
NGF (4), we used normal and BDL WT mice that immediately after surgery were treated (to
reduce the hepatic expression of miRNA let-7a) by two tail vein injections (one day 3; one
day 7, 30 mg/kg BW) with Vivo-Morpholino sequences of miRNA let-7a (5’-
AACTATACAACCTACTACCTCATCC-3’), or mismatched Morpholinos (5’-
AAgTATAgAAQCTAgTAGCTCATCC-3’ for miRNA let-7a). We have used this dose and
route of administration of Vivo-Morpholino sequences of miRNA let-7a in BDL WT mice
(4). Mdr2™~ mice were treated with saline or Sec 5-27 (10 pg/kg BW/day) by minipumps
for 1 wk before collecting serum, liver blocks and cholangiocytes. Before each procedure,
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 (index of liver cell growth) (1).
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Isolated cholangiocytes and intrahepatic murine cholangiocyte lines (IMCL)

Cholangiocytes were obtained by immunoaffinity separation (4). The /in vitro studies were
performed in vector or Sct stable-transfected IMCL (4). The IMCL control (stable
transfected with the empty vector) or IMCL lacking Sct was established using SureSilencing
short hairpin RNA (Super-Array, Frederick, MD) plasmid for mouse Sct containing a marker
for neomycin resistance for the selection of stably transfected cells. The human hepatic
stellate cells (HHSteC) were purchased from Sciencell (Carlsbad, CA).

Measurement of Serum Chemistry, Intrahepatic Bile Duct Mass (IBDM), Expression of
Sct/SR Axis and NGF and Levels of Secretin and TGF-B1 in Serum and Cholangiocyte

Supernatant

The serum levels of glutamate pyruvate transaminases (SGPT), glutamic oxaloacetic
transaminase (SGOT), alkaline phosphatase (ALP) and total bilirubin were measured by a
Dimension RxL Max Integrated Chemistry system (Dade Behring Inc., Deerfield IL),
Chemistry Department, Baylor Scott & White. We determined IBDM in liver sections (4-5
um thick, 10 fields analyzed from 3 samples from 3 different animals) as the area occupied
by CK-19 positive-bile ducts/total area x 100. Sections were examined by the Olympus
Image Pro-Analyzer software (Olympus, Tokyo, Japan). The expression of Sct, SR and NGF
in cholangiocytes was evaluated by gPCR (4). We evaluated the secretion of secretin in
short-term (6 hr) cultures of S cells from normal WT and Mdr2~/~ mice (4). The levels of
secretin and TGF-B1 in serum and/or cholangiocyte supernatants from mice and/or patients
were measured by commercially available Kits.

Measurement of Liver Fibrosis, Expression of TGF-p1, TGF-B1R, FN-1 and miRNA let-7a
and SMAD2/3 Phosphorylation

Liver fibrosis was evaluated by: (i) Sirius Red staining in liver sections (4-5 pm thick, 10
fields analyzed from 3 samples from 3 different animals); and (ii) measurement of
hydroxyproline levels in total liver samples using the Hydroxyproline Assay Kit (MAKO08,
Sigma-Aldrich Co.). Slides were scanned by a digital scanner (Leica Microsystems,
SCN400, Buffalo Grove, IL) and quantified using Image-Pro Premier 9.1 (Media
Cybernetics, MD). For hydroxyproline measurements, we used 3 liver samples from 3
different mice.

We evaluated by immunohistochemistry the expression of TGF-B1 and TGF-B1R in liver
sections (4-5 um) from WT and Mdr2~/~ mice. Semiquantitative analysis was performed
using our published grading system (18): 0-5%=negative; 6-10%=+/—; 11-30%=+; 31—
60%=++; >61%=+++.

By gPCR, we measured the mRNA expression of TGF-B1 and TGF-B1R in endothelial cells
and cholangiocytes (isolated by laser capture microdissection, LCM) from WT and Mdr2™/~
mice. Frozen liver sections (n=3, 10 um thick) were placed on PEN-membrane slides that
were fixed in 100% methanol for 3 minutes, rinsed with 1x PBS and incubated with a
primary CD31 (marker of endothelial cells) (15) or CK-19 antibody overnight at 4°C.
Following washes, sections were incubated with a fluorescent secondary antibody overnight
at 4°C. Next, CD-31 or CK-19 positive cells were cut out from the slides by the LCM
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system Leica LMD7 (Leica Microsystems, Buffalo Grove, IL) and collect into a tube. The
RNA was extracted with the Arcturus PicoPure RNA isolation kit (Mountain View, CA), and
the expression of TGF-B1 and TGF-B1R was evaluated.

To evaluate the activation of TGF-B1 signaling by secretin we measured in cholangiocytes
the phosphorylation of SMAD2/3 (downstream signaling specific to TGF-p1 signaling in
liver fibrosis) (19) by immunoblots. Protein expression was quantified by the LI-COR
Odyssey Infrared Imaging System (LI-COR Bioscience, Lincoln, NE).

We measured the expression of TGF-B1, TGF-B1R and FN-1 in RNA (1 pg) from total liver.
In RNA from total liver and/or cholangiocytes from WT and Mdr2~~ mice, we measured the
expression of mMiRNA let-7a by gPCR. In normal and BDL WT mice treated with miRNA
let-7a Vivo-Morpholino or mismatched Morpholinos, we measured liver fibrosis by Sirius
red staining in liver sections. /n vitro, ICML were treated with let-7a precursor antisense
inhibitors or controls for 24 hr before evaluating the mMRNA expression of COLAL gPCR.

Measurement of Expression of Secretin, SR, TGF-f1, TGF-B1R and Fibrotic Genes and
Levels of Secretin and TGF-B1 in Normal and PSC Samples

Liver sections (4-5 um thick, 2 sections evaluated for each protein measured) from three
control and three PSC patients (stage 4) were obtained from Dr. Invernizzi (Humanitas
Research Hospital, Rozzano, Italy) under a protocol approved by the Ethics Committee by
the Humanitas Research Hospital; the protocol was reviewed by the Veterans’
Administration IRB and R&D Committee. The protocol was approved by the Texas A&M
HSC Institutional Review Board. The expression of secretin, SR, TGF-1 and TGF-B1R in
human liver sections was evaluated by immunohistochemistry. Sections were analyzed in a
coded fashion using an Olympus BX-51 light microscope (Tokyo, Japan) with a Videocam
(Spot Insight; Diagnostic Instrument, Inc., Sterling Heights, MlI).

Total RNA was extracted from paraffin embedded sections from samples obtained from
three control and three PSC patients using the kit RNeasy® FFPE kit (Qiagen, Valencia,
CA). From these samples, the mRNA expression (from cDNA samples) of selected genes
was evaluated by gPCR using human primers purchased from Qiagen; details on primers are
provided in Suppl. File 1. The levels of secretin in bile (n=9 control; n=5 PSC patients, early
and advanced stage) and serum (n=67 control; n=21 PSC patients, early and advanced stage
and TGF-B1 (in serum; n=5 for control, and n=7 for PSC samples, early and advanced stage)
from control and PSC patients were evaluated by EIA Kits.

In Vitro Effect of Secretin on Biliary TGF-p1 and let-7a expression and TGF-B1 Secretion

In Vitro Effect of Cholangiocyte Supernatant on the Activation of HHSteC—Our
ICML (that express the SR) (10) were treated with 0.2% BSA (basal) or secretin (100 nM)
for 24 hr before measuring the expression of: (i) TGF-B1 mRNA and let-7a miRNA by
gPCR,; (ii) SMAD2,3 phosphorylation by immunofluorescence; and (iii) the levels of biliary
TGF-p1 by ELISA kits. Control IMCL or IMCL cells lacking Sct were incubated for 24 hr
before evaluating the expression of TGF-p1 mRNA and let-7a miRNA by gPCR, and the
levels of biliary TGF-p1 by ELISA Kits.
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To demonstrate that secretin fibrotic effects are not due to a direct interaction with stellate
cells (that do not express SR, Alpini, unpublished observations, 2016), we treated these cells
with secretin (100 nM) for 24 hr before evaluating the expression of fibrotic genes by ¢gPCR.
HHSteC were incubated for 12 hr with the supernatant (after 6 hr incubation) of
cholangiocytes from normal and BDL mice (containing different amount of TGF-p1) in the
absence/presence of LY2109761 (TGF-B1 receptor antagonist) (20) (Cayman Chemical
Company, Ann Arbor, MI) before evaluating the mRNA expression of PCNA, FN-1, a-SMA
and SMAD2,3.4 in HHSteC.

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.

Measurement of Serum Chemistry, IBDM, Expression of Sct/SR Axis and NGF and Levels
of Secretin and TGF-B1 in Serum and Cholangiocyte Supernatant

Liver to body weight ratio increased in normal mice treated with secretin and in BDL WT
compared to normal WT mice (Suppl. Table 1). Liver to body weight ratio decreased in BDL
SR~ mice and in BDL WT mice treated Sec 5-27 compared to BDL WT mice (Suppl.
Table 1). Liver to body weight ratio increased in Mdr2~/~ compared to WT mice but it was
similar between normal WT and Mdr2~/~ mice treated with Sec 5-27 (Suppl. Table 2A).

Serum levels of transaminases, ALP and bilirubin were higher in BDL WT and in Mdr2~/~
mice compared to WT mice (Suppl. Tables 2A-B). Biochemical indexes of liver injury were
improved in: (i) SR~ BDL compared to BDL WT mice; and (i) Mdr2~/~ mice treated with
Sec 5-27 compared to Mdr2~/~ mice (Suppl. Table 2A-B). Serum levels of transaminases
(but not bilirubin and ALP) were reduced in BDL WT mice treated Sec 5-27 compared to
BDL WT mice (Suppl. Table 2B). In BDL WT and Mdr2~/~ mice there was enhanced IBDM
compared to normal mice (Figure 1A-B). The administration of Sec 5-27 to BDL WT or
Mdr2~/~ mice decreased IBDM compared to WT mice (Figure 1A-B).

The biliary expression of secretin, SR, and TGF-p1 was higher in cholangiocytes from
Mdr2~/~ mice, but was similar to that of normal WT mice in Mdr2~/~ mice treated with Sec
5-27 (Figure 2A). Secretin serum levels increased in normal WT mice treated with secretin
and in BDL WT compared to normal WT mice (Figure 2B). There was a decrease (although
not significant) in secretin serum levels in Mdr2~/~ compared to normal WT mice (Suppl.
Table 2A). Secretin levels were higher in cholangiocyte supernatant (collected from 3
cumulative preparations from 4 mice, n=12) from BDL WT mice (107.5+31.3 vs. 1.81+0.8
ng/ml, normal WT mice, p<0.05; n=6) and Mdr2~/~ mice (10.40+5.6 vs. 30.28+6.2 ng/ml,
normal WT mice, p<0.05; n=23), but decreased in S cells (from 6 individual mice) from 12
wk Mdr2~~ mice compared to normal WT mice (258.1+18.4 vs. 66.7+13.4 ng/ml, normal
WT mice, p<0.05; n=6 evaluations). TGF-B1 levels increased in serum and cholangiocyte
supernatant from BDL WT and Mdr2~/~ mice compared to WT animals (Figure 2C-D).
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Measurement of Liver Fibrosis, Expression of TGF-B1, TGF-B1R, FN-1 and let-7a

Secretin increased the percentage of collagen in normal and BDL WT mice (Figure 3A); no
difference was observed between normal WT, SR™/~ normal mice and normal WT mice
treated with Sec 5-27 (Figure 3A). BDL WT mice display higher collagen deposition
compared to normal WT mice (Figure 3A). In BDL SR™'~ mice and BDL WT mice or
Mdr27/~ treated with Sec 5-27 there was reduced collagen deposition compared to BDL WT
or Mdr2~/~ mice (Figure 3A-B). Similar changes in liver fibrosis were observed by
measurement of hydroxyproline levels in liver samples (Figure 3A-B).

We demonstrated increased immunoreactivity for TGF-B1 and TGF-B1R in Mdr2~/~
compared to normal WT mice (Figure 3C). There was enhanced mRNA expression of TGF-
B1 and TGF-B1R in LCM-isolated cholangiocytes (but not endothelial cells) from Mdr2~/~
compared to normal WT mice (Figure 3D).

Administration of secretin increased the mRNA expression of TGF-p1 and FN-1 in total
liver compared to normal WT mice (Figure 4A). In BDL WT and Mdr2~/~ mice, there was
increased expression of TGF-B1 and FN-1 in total liver compared to normal WT mice,
increase that was blocked by Sec 5-27 or knockdown of SR (Figure 4B—C). Secretin
increased the phosphorylation of SMADZ2,3 in cholangiocytes from normal WT mice
(Figure 4D). In cholangiocytes from Mdr2~/~ mice there was increased phosphorylation of
SMAD2,3 compared to normal WT mice that was reduced by Sec 5-27 (Figure 4D). /n
vitro, secretin increased SMAD?2.3 phosphorylation in IMCL (Suppl. Figure 1). There was
decreased expression of miRNA let-7a and enhanced expression of NGF in cholangiocytes
from Mdr2~/~ compared to normal WT mice, changes that were prevented by Sec 5-27
(Figure 4E). There was enhanced: (i) collagen deposition in normal and BDL WT mice
treated with miRNA let-7a Vivo-Morpholino compared to control mice (Figure 5A); and (ii)
MRNA expression of COLAL in IMCL treated with the let-7a inhibitor compared to basal
(Figure 5B).

Expression of Sct, SR and fibrotic genes in Normal and PSC Human Samples

In PSC liver sections there was increased expression of Sct, SR, TGF-p1 and TGF-p1R
compared to normal samples (Figure 6A). We demonstrated: (i) increased mMRNA expression
of PCNA, Sct, SR, TGF-B1, TGF-B1R, FN-1, COLAL, a-SMA and NGF; (ii) enhanced
levels of secretin in bile (although not significant) and increased TGF-p1 serum levels
(Figure 6B), and reduced secretin serum levels (patient data information in Suppl. Table 3);
and (iii) decreased expression of MiRNA let-7a in PSC samples compared to controls
(Figure 6B).

In Vitro Effect of Secretin on Biliary TGF-B1 Expression and Levels

In Vitro Paracrine Effect of TGF-p1 Released by Cholangiocytes on the
Activation of Stellate Cells—/n vitro, secretin did not increase the expression of fibrotic
genes in stellate cells (not shown). In IMCL lacking Sct there was reduced expression of
TGF-p1 levels and TGF-B1 and enhanced expression of let-7a compared to vector-
transfected IMCL (Figure 2E-G). In IMCL treated with secretin there was: (i) increased
TGF-p1 levels and TGF-B1 mRNA expression and reduced let-7a expression (Figure 2E-G).
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When HHSteC were treated with cholangiocyte supernatant from BDL mice there was
increased expression of PCNA, FN-1, a-SMA and SMAD?2,3, 4 in HHSteC, which was
reduced by LY2109761 (Figure 7). No effects were observed with normal cholangiocyte
supernatant (Figure 7).

DISCUSSION

We demonstrated that: (i) secretin stimulates hepatic fibrogenesis in normal and BDL mice;
and (ii) liver fibrosis is reduced in BDL SR™/~ mice and BDL and Mdr2~/~ mice treated with
Sec 5-27. Secretin-induced increase in hepatic fibrosis was associated with increased: (i)
expression of TGF-B1L/TGF-B1R axis and SMAD2/3 phosphorylation; (ii) levels of secretin
in serum and cholangiocyte supernatants; and (iii) TGFB1 levels in cholangiocyte
supernatants. To elucidate the mechanisms by which the secretin/SR axis regulates liver
fibrosis, we evaluated the expression of let-7a-dependent NGF that regulates biliary
hyperplasia during cholestasis (4). There was decreased let-7a expression in Mdr2~/~ mice
followed by increased expression of NGF that was reduced by Sec 5-27. Administration of
let-7a Vivo-Morpholinos increased fibrogenesis in BDL mice. We demonstrated increased
expression of the Sct/SR axis and enhanced levels of secretin in bile (although not
significant) and reduced secretin serum levels from late stage PSC samples. The changes in
Sct/SR axis correlated with increased expression of fibrogenic genes, TGF-p1 serum levels
and decreased let-7a expression and enhanced NGF expression in PSC samples.

In support of the use of Vivo-Morpholino to modulate liver fibrosis, studies have
demonstrated that Morpholino oligomers are powerful antisense tools to block translation or
interfere with RNA processing (21). We have previously used Vivo-Morpholinos to reduce
the hepatic expression of arylalkylamine N-acetyltransferase (22) and miRNA let-7a and
miR-125b (4) in rats and mice.

In addition to cholangiocytes (4), the secretin/SR axis promotes cell proliferation in several
cell lines including epithelial cells from cysts of patients with autosomal dominant
polycystic kidney disease (23). Administration of Sec 5-27 significantly inhibited biliary
proliferation in BDL and Mdr2~~ mice, demonstrating that the Sct/SR axis is key in
regulating biliary homeostasis by modulating the balance between cholangiocyte
proliferation/loss. Supporting this concept, studies have shown that Sec 5-27 reduces
secretin-induced proliferation and secretin-stimulated intracellular signaling in other systems
(24, 25).

The activation of biliary proliferation is thought to play a role in the initiation and
progression of liver fibrosis through autocrine (by secreting pro-fibrogenic factors including
PDGF-B chain) (26) and paracrine mechanisms by activating stellate cells (27). To further
explore the role of the secretin/SR in the promotion of liver fibrogenesis, we evaluated the
role of let-7a, which is downregulated during cholestasis and modulates of NGF expression
(4), which was downregulated in cholestatic cholangiocytes with a corresponding increase in
liver fibrosis. These findings support the concept that cholangiocyte proliferation is
regulated by autocrine/paracrine mechanisms by neurohormonal factors including the
secretin/SR axis and downstream, NGF. The importance of let-7a in biliary proliferation and
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liver fibrosis is supported by other studies. Down-regulation of microRNA let-7a contributed
to the overexpression of type | collagen in systemic and localized scleroderma (28).
Overexpression of let-7 in cancer cell lines reduces cell mitosis, demonstrating that let-7
functions as a tumor suppressor in lung cells (29). Further studies are necessary to pinpoint
the role of other pro-fibrogenic factors that may be modulated by let-7a, in addition to NGF,
during hepatic fibrogenesis. NGF may be linked to secretin/SR axis modulated hepatic
fibrosis since NGF transcriptionally upregulates TGFP1 expression and secretion in renal
tubular cells (30).

Secretin increased hepatic fibrosis and the expression of TGFp1 and selected fibrogenic
markers. There was increased TGF-B1R expression in bile ducts. Interestingly, TGF-B1R is
a predicted target gene by let-7a and the target relationship between TGF-B1R and let7
family members has been confirmed during renal fibrosis (31). These data suggest that
secretin-induced synthesis of TGF-B1 may elicit an autocrine TGF-p-1/TGF-B1R in
cholangiocytes, which may contribute to biliary response to injury. Given that TGF-plisa
known activator of stellate cells, our data suggest that the induction of TGF-p1 by secretin in
cholangiocytes may stimulate liver fibrogenesis that parallels cholangiocyte proliferation
(32, 33). The role of cholangiocytes in TGF-pB1 stimulation of liver fibrosis is supported by
our finding showing that were no changes in the expression of TGF-p1 and TGF-B1R in
endothelial cells from Mdr2~~ compared to WT mice. Further studies are necessary to
pinpoint how secretin induces the release of TGF-p1 from cholangiocytes either through a
direct interaction with the TGF-BL/TGF-B1R axis or as direct consequence of enhanced
biliary proliferation by secretin. The stimulatory effects of secretin on liver fibrosis may also
be indirectly mediated by the activation of macrophages by the NGF released from
cholangiocytes by secretin (4). This view is supported by previous studies showing that NGF
activates murine macrophages during inflammation (34).

Lastly, we performed studies in human PSC samples. Similar to Mdr2~/~ mice, there was up-
regulation of the secretin/SR axis in PSC liver tissues. The expression of secretin and SR
was limited to the biliary epithelium, which was similar to another study in human liver
tissues (9). Similar to the Mdr2~~ model, there was increased expression of fibrotic genes
that is consistent with the periductal concentric fibrosis that is a characteristic finding in PSC
(35). There was downregulation of let-7a and up-regulation of NGF in PSC samples relative
to normal controls suggesting that NGF may play a role in the autocrine pathways driving
the activation of biliary proliferation and subsequent fibrogenesis in PSC. In contrast to a
previous study (36), there was elevation of serum TGF-B levels in patients with late stage
PSC, which may be due to a difference in the disease staging.

Our findings demonstrated that biliary secretin levels are enhanced during cholangiocyte
proliferation in Mdr2~~ and BDL mice and PSC samples. In contrast, in the same
conditions, secretin serum levels are decreased in human PSC samples and Mdr2~/~ mice as
a consequence of impaired release from gut S cells. We speculate that: (i) the liver increased
the production of biliary secretin (4) and expression of SR possible in response to lower
circulating secretin levels; and (ii) the reduced secretin serum levels in patients with PSC
may be due to intestinal damage resulting in decreased secretion of secretin. In fact, PSC has
been associated with ulcerative colitis and Crohn's disease (37, 38). Another possible
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explanation is that the decreased bile secretion in cholestatic mice and PSC may affect fatty
acid and bile acid concentration (major determinant of secretin release) (39) in the gut lumen
with consequent impaired secretin release from S cells (40).

In conclusion, the secretin/SR axis and let-7a signaling pathway regulates biliary
proliferation and hepatic fibrosis (by modulating the TGF-B1/TGF-B1R axis in
cholangiocytes and stellate cells) during cholestasis (Suppl. Figure 2). It is critical to
maintain a balance of secretin synthesis (from cholangiocytes and S cells) (4) and the
expression of the secretin/secretin receptor axis to regulate the homeostasis of the biliary
epithelium. While increased secretin synthesis is beneficial to sustain biliary proliferation
during ductopenia, inhibition of secretin synthesis is important to reduce biliary hyperplasia
and liver fibrosis during aberrant cholangiocyte proliferation. Targeting the secretin/SR axis
or the let-7a signaling pathway may provide a therapeutic approach for the treatment of
human cholangiopathies including PSC.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

ALP alkaline phosphatase

a-SMA a-smooth muscle actin

BDL bile duct ligated

BSA bovine serum albumin

cAMP cyclic adenosine 3', 5’-monophosphate

CFTR cystic fibrosis transmembrane conductance regulator

CK-19 cytokeratin-19

COLA1 collagen, type I, alpha 1

FN-1 fibronectin-1

GAPDH glyceraldehyde-3-phosphate dehydrogenase

IBDM intrahepatic bile duct mass
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NGF nerve growth factor
PCNA proliferating cell nuclear antigen
PSC primary sclerosing cholangitis
gPCR real-time PCR
PDGF platelet-derived growth factor
Sct secretin
SGOT glutamic oxaloacetic transaminase
SGPT glutamate pyruvate transaminases
SR secretin receptor
TGF-B1 transforming growth factor-p1
TGF-B1R transforming growth factor-B1 receptor
WT wild-type

REFERENCES

1.

Alpini G, Lenzi R, Sarkozi L, Tavoloni N. Biliary physiology in rats with bile ductular cell
hyperplasia. Evidence for a secretory function of proliferated bile ductules. J Clin Invest. 1988;
81:569-578. [PubMed: 2448343]

. Lazaridis KN, Strazzabosco M, LaRusso NF. The cholangiopathies: disorders of biliary epithelia.

Gastroenterology. 2004; 127:1565-1577. [PubMed: 15521023]

. Baghdasaryan A, Claudel T, Kosters A, Gumhold J, Silbert D, Thuringer A, Leski K, et al.

Curcumin improves sclerosing cholangitis in Mdr2™/~ mice by inhibition of cholangiocyte
inflammatory response and portal myofibroblast proliferation. Gut. 2010; 59:521-530. [PubMed:
20332524]

. Glaser S, Meng F, Han Y, Onori P, Chow BK, Francis H, Venter J, et al. Secretin stimulates biliary

cell proliferation by regulating expression of microRNA 125b and microRNA let7a in mice.
Gastroenterology. 2014; 146:1795-1808. e1712. [PubMed: 24583060]

. Ng SS, Yung WH, Chow BK. Secretin as a neuropeptide. Mol Neurobiol. 2002; 26:97-107.

[PubMed: 12392059]

. Afroze S, Meng F, Jensen K, McDaniel K, Rahal K, Onori P, Gaudio E, et al. The physiological

roles of secretin and its receptor. Ann Transl Med. 2013; 1:29. [PubMed: 25332973]

. Alpini G, Glaser S, Robertson W, Rodgers RE, Phinizy JL, Lasater J, LeSage G. Large but not small

intrahepatic bile ducts are involved in secretin-regulated ductal bile secretion. Am J Physiol
Gastrointest Liver Physiol. 1997; 272:G1064-G1074.

. Alpini G, Roberts S, Kuntz SM, Ueno Y, Gubba S, Podila PV, LeSage G, et al. Morphological,

molecular, and functional heterogeneity of cholangiocytes from normal rat liver. Gastroenterology.
1996; 110:1636-1643. [PubMed: 8613073]

. Martinez-Anso E, Castillo JE, Diez J, Medina JF, Prieto J. Immunohistochemical detection of

chloride/bicarbonate anion exchangers in human liver. Hepatology. 1994; 19:1400-1406. [PubMed:
8188169]

10. Glaser S, Lam IP, Franchitto A, Gaudio E, Onori P, Chow BK, Wise C, et al. Knockout of secretin

receptor reduces large cholangiocyte hyperplasia in mice with extrahepatic cholestasis induced by
bile duct ligation. Hepatology. 2010; 52:204-214. [PubMed: 20578263]

Hepatology. Author manuscript; available in PMC 2017 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wu et al.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.
28.

29.

Page 12

Alpini G, Ulrich CD 2nd, Phillips JO, Pham LD, Miller LJ, LaRusso NF. Upregulation of secretin
receptor gene expression in rat cholangiocytes after bile duct ligation. Am J Physiol Gastrointest
Liver Physiol. 1994; 266:G922-G928.

Gigliozzi A, Alpini G, Baroni GS, Marucci L, Metalli VD, Glaser S, Francis H, et al. Nerve growth
factor modulates the proliferative capacity of the intrahepatic biliary epithelium in experimental
cholestasis. Gastroenterology. 2004; 127:1198-1209. [PubMed: 15480997]

Alvaro D, Mancino MG, Glaser S, Gaudio E, Marzioni M, Francis H, Alpini G. Proliferating
cholangiocytes: a neuroendocrine compartment in the diseased liver. Gastroenterology. 2007,
132:415-431. [PubMed: 17241889]

Grossini E, Molinari C, Morsanuto V, Mary DA, Vacca G. Intracoronary secretin increases cardiac
perfusion and function in anaesthetized pigs through pathways involving beta-adrenoceptors and
nitric oxide. Exp Physiol. 2013; 98:973-987. [PubMed: 23243148]

Liu L, Shi GP. CD31: beyond a marker for endothelial cells. Cardiovasc Res. 2012; 94:3-5.
[PubMed: 22379038]

Chu JY, Chung SC, Lam AK, Tam S, Chung SK, Chow BK. Phenotypes developed in secretin
receptor-null mice indicated a role for secretin in regulating renal water reabsorption. Mol Cell
Biol. 2007; 27:2499-2511. [PubMed: 17283064]

de Vree JM, Jacquemin E, Sturm E, Cresteil D, Bosma PJ, Aten J, Deleuze JF, et al. Mutations in
the MDR3 gene cause progressive familial intrahepatic cholestasis. Proc Natl Acad Sci U S A.
1998; 95:282-287. [PubMed: 9419367]

Glaser S, Gaudio E, Rao A, Pierce LM, Onori P, Franchitto A, Francis HL, et al. Morphological
and functional heterogeneity of the mouse intrahepatic biliary epithelium. Lab Invest. 2009;
89:456-469. [PubMed: 19204666]

Dooley S, ten Dijke P. TGF-beta in progression of liver disease. Cell Tissue Res. 2012; 347:245—
256. [PubMed: 22006249]

Ren XF, Mu LP, Jiang YS, Wang L, Ma JF. LY2109761 inhibits metastasis and enhances
chemosensitivity in osteosarcoma MG-63 cells. Eur Rev Med Pharmacol Sci. 2015; 19:1182—
1190. [PubMed: 25912577]

Morcos PA. Achieving targeted and quantifiable alteration of mMRNA splicing with Morpholino
oligos. Biochem Biophys Res Commun. 2007; 358:521-527. [PubMed: 17493584]

Renzi A, DeMorrow S, Onori P, Carpino G, Mancinelli R, Meng F, Venter J, et al. Modulation of
the biliary expression of arylalkylamine N-acetyltransferase alters the autocrine proliferative
responses of cholangiocytes in rats. Hepatology. 2013; 57:1130-1141. [PubMed: 23080076]
Yamaguchi T, Pelling JC, Ramaswamy NT, Eppler JW, Wallace DP, Nagao S, Rome LA, et al.
cAMP stimulates the /n vitro proliferation of renal cyst epithelial cells by activating the
extracellular signal-regulated kinase pathway. Kidney Int. 2000; 57:1460-1471. [PubMed:
10760082]

Miegueu P, Cianflone K, Richard D, St-Pierre DH. Effect of secretin on preadipocyte,
differentiating and mature adipocyte functions. Int J Obes (Lond). 2013; 37:366—374. [PubMed:
22565418]

Fremeau RT Jr, Korman LY, Moody TW. Secretin stimulates cyclic AMP formation in the rat brain.
J Neurochem. 1986; 46:1947-1955. [PubMed: 3009718]

Grappone C, Pinzani M, Parola M, Pellegrini G, Caligiuri A, DeFranco R, Marra F, et al.
Expression of platelet-derived growth factor in newly formed cholangiocytes during experimental
biliary fibrosis in rats. J Hepatol. 1999; 31:100-109. [PubMed: 10424289]

Pinzani M. Pathophysiology of Liver Fibrosis. Dig Dis. 2015; 33:492-497. [PubMed: 26159264]
Makino K, Jinnin M, Hirano A, Yamane K, Eto M, Kusano T, Honda N, et al. The downregulation
of microRNA let-7a contributes to the excessive expression of type I collagen in systemic and
localized scleroderma. J Immunol. 2013; 190:3905-3915. [PubMed: 23509348]

Johnson CD, Esquela-Kerscher A, Stefani G, Byrom M, Kelnar K, Ovcharenko D, Wilson M, et al.
The let-7 microRNA represses cell proliferation pathways in human cells. Cancer Res. 2007;
67:7713-7722. [PubMed: 17699775]

Hepatology. Author manuscript; available in PMC 2017 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wu et al.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Page 13

Vizza D, Perri A, Toteda G, Lupinacci S, Leone F, Gigliotti P, Lofaro D, et al. Nerve growth factor
exposure promotes tubular epithelial-mesenchymal transition via TGF-betal signaling activation.
Growth Factors. 2015:1-12.

Wang B, Jha JC, Hagiwara S, McClelland AD, Jandeleit-Dahm K, Thomas MC, Cooper ME, et al.
Transforming growth factor-betal-mediated renal fibrosis is dependent on the regulation of
transforming growth factor receptor 1 expression by let-7b. Kidney Int. 2014; 85:352-361.
[PubMed: 24088962]

Tu K, LiJ, Verma VK, Liu C, Billadeau DD, Lamprecht G, Xiang X, et al. Vasodilator-stimulated
phosphoprotein promotes activation of hepatic stellate cells by regulating Rab11-dependent plasma
membrane targeting of transforming growth factor beta receptors. Hepatology. 2015; 61:361-374.
[PubMed: 24917558]

Penz-Osterreicher M, Osterreicher CH, Trauner M. Fibrosis in autoimmune and cholestatic liver
disease. Best Pract Res Clin Gastroenterol. 2011; 25:245-258. [PubMed: 21497742]

Susaki Y, Shimizu S, Katakura K, Watanabe N, Kawamoto K, Matsumoto M, Tsudzuki M, et al.
Functional properties of murine macrophages promoted by nerve growth factor. Blood. 1996;
88:4630-4637. [PubMed: 8977255]

Nakanuma Y, Hirai N, Kono N, Ohta G. Histological and ultrastructural examination of the
intrahepatic biliary tree in primary sclerosing cholangitis. Liver. 1986; 6:317-325. [PubMed:
3574002]

Watt JK, Hawkins K, Zhang M, Lipschitz J, Sandha G, Gong Y, Uhanova J, et al. Transforming
growth factor-beta (TGF-beta) protein levels are not elevated in the blood or bile of patients with
primary sclerosing cholangitis: a pilot study. Dig Dis Sci. 2004; 49:5-8. [PubMed: 14992427]

Navaneethan U, Venkatesh PG, Jegadeesan R, Lourdusamy V, Hammel JP, Kiran RP, Shen B.
Comparison of outcomes for patients with primary sclerosing cholangitis associated with
ulcerative colitis and Crohn's disease. Gastroenterol Rep (Oxf). 2016; 4:43-49. [PubMed:
25355801]

de Vries AB, Janse M, Blokzijl H, Weersma RK. Distinctive inflammatory bowel disease
phenotype in primary sclerosing cholangitis. World J Gastroenterol. 2015; 21:1956-1971.
[PubMed: 25684965]

Lam IP, Lee LT, Choi HS, Alpini G, Chow BK. Bile acids inhibit duodenal secretin expression via
orphan nuclear receptor small heterodimer partner (SHP). Am J Physiol Gastrointest Liver
Physiol. 2009; 297:G90-G97. [PubMed: 19372104]

Sundaresan S, Shahid R, Riehl TE, Chandra R, Nassir F, Stenson WF, Liddle RA, et al. CD36-
dependent signaling mediates fatty acid-induced gut release of secretin and cholecystokinin.
FASEB J. 2013; 27:1191-1202. [PubMed: 23233532]

Hepatology. Author manuscript; available in PMC 2017 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Wu et al.

Page 14

Normal Normal WT BDL WT
WT + SR
antagonist

Normal WT Mdr2” Mdr2 + SR
antagonist

Figure 1.
[A-B] In BDL WT and Mdr2~/~ mice there was increased IBDM compared to normal WT

mice. The administration of Sec 5-27 to BDL WT or Mdr2~/~ mice decreased IBDM
compared to control mice. Ten fields were analyzed from liver samples from 3 different
animals. *p<0.05 vs. normal mice. #p<0.05 vs. BDL WT or Mdr2~/~ mice.
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[A] The expression of Sct, SR, and TGF-B1 was higher in cholangiocytes from Mdr2~/~
mice but similar to that of WT mice in Mdr2~/~ mice treated with Sec 5-27. Data are mean
+SEM of 6 evaluations from 3 cumulative preparations of cholangiocytes from 4 mice,
n=12. [B] Secretin serum levels increased in normal mice treated with secretin and BDL WT
mice compared to normal mice. Data are mean£SEM of n=6 from six individual mice.
*p<0.05 vs. normal WT mice. #p<0.05 vs. Mdr2~~ mice. [C-D] TGF-p1 levels increased in
serum and cholangiocyte supernatant of BDL WT and Mdr2~~ mice compared to WT mice.

Data are mean+=SEM of 6 evaluations from supernatant from 3 cumulative preparations of

cholangiocytes from 4 mice, n=12. *p<0.05 vs. normal WT mice. [E-G] In IMCL lacking
Sct there was reduced expression of TGF-B1 levels in IMCL supernatant and TGF-p1
mMRNA expression and enhanced expression of let-7a miRNA in IMCL compared to vector-
transfected IMCL. Data are mean+SEM of 3 evaluations from 3 preparations of IMCL.
*p<0.05 vs. empty vector transfected IMCL (Neo neg). In IMCL treated with secretin there
was increased TGF-B1 levels and increased TGF-B1 mRNA expression, but decreased
expression of let-7a miRNA compared to basal. Data are mean+SEM of n=3 from 3
preparations of IMCL. #p<0.05 vs. basal.
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[A] BDL WT mice display higher fibrotic tissue compared to normal mice. Secretin
increased the percentage of connective tissue in normal and BDL WT mice. In BDL SR/~
mice and BDL WT mice treated with Sec 5-27 there was reduced collagen deposition
compared to BDL WT mice. Ten fields were analyzed from 3 samples from 3 different
animals. Orig. magn., x10. The hydroxyproline content match the data on liver fibrosis by
Sirius red staining; we used 3 different liver samples from 3 different animals. *p<0.05 vs.
normal mice. #p<0.05 vs. BDL mice. [B] In Mdr2~/~ treated with Sec 5-27 there was
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reduced collagen deposition compared to Mdr2~/~ mice. *p<0.05 vs. normal WT

mice. #p<0.05 vs. Mdr2~~ mice. The hydroxyproline content match the data on liver fibrosis
by Sirius red staining. Orig. magn., x40. [C] We demonstrated increased immunostaining for
TGF-B1 and TGF-B1R in Mdr2~/~ compared to normal mice. Orig. magn., x40. [D] There
was enhanced expression of TGF-p1 and TGF-B1R in LCM-isolated cholangiocytes (but not
endothelial cells) from Mdr2~~ compared to normal WT mice. *p<0.05 vs. normal mice.
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[A] Secretin increased the expression of TGF-B1 and FN-1 in normal WT mice. [B-C] In
BDL WT and Mdr2~~ mice, there was increased expression of TGF-B1 and FN-1 compared
to normal mice that was blocked by Sec 5-27 or knockout of SR. [D] Secretin increased the
phosphorylation of SMAD2,3 in cholangiocytes from normal WT mice. In cholangiocytes
from Mdr2~/~ mice there was increased phosphorylation of SMAD2,3 compared to normal
mice that was reduced by Sec 5-27. [E] There was decreased expression of miRNA let-7a
and enhanced expression of NGF in cholangiocytes from Mdr2~~ compared to normal mice,
changes that were prevented by Sec 5-27. PCR data (mean+SEM of 6 evaluations) in liver
samples from 6 separate animals. PCR data (mean+SEM of 3 evaluations) in cholangiocytes

from 3 cumulative cells preparations from 4 mice, n=12. Immunoblots for SMAD2/3 in
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cholangiocytes from 3 separate animals; mean+SEM n=3. *p<0.05 vs. normal mice. #p<0.05
vs. BDL WT or Mdr2~/~ mice.
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[A] There was enhanced collagen deposition in normal and BDL WT mice treated with
miRNA let-7a Vivo-Morpholino compared to control mice. Ten fields were analyzed from 3
samples from 3 different animals. Orig. magn., x10. *p<0.05 vs. control mice. #p<0.05 vs.
mismatch-treated BDL WT mice. NR WT= normal wild-type. [B] There was increased
MRNA expression of COLAL in cholangiocyte lines treated with let-7a inhibitor compared
to basal. Data are mean+SEM of 3 evaluations from 3 preparations of IMCL. *p<0.05 vs.
basal values.
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[A] In PSC liver sections there was increased immunoreactivity for Sct, SR, TGF-p1 and
TGF-B1R compared to normal samples. Semiquantitative analysis was performed in 5 fields
in one section obtained from one normal and one PSC patient. Orig. magn., x40. [B] There
was: (i) increased mRNA expression of PCNA, Sct, SR, TGF-p1, TGF-p1R, FN-1, COLA1,
a-SMA and NGF; enhanced levels of secretin in bile (n=9 control; n=5 PSC patients, early
and advanced stage) and TGF-B1 (n=5 control; n=7 PSC samples, early and advanced stage)
in serum and reduced secretin levels in serum (n=67 control; n=21 PSC patients, early and
advanced stage); and (iii) decreased expression of miRNA let-7a in PSC samples compared
to control samples. Data are mean+SEM of 3 PCR reactions from 3 different samples from 3
normal and 3 PSC patients. *p<0.05 vs. control human samples.
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There was increased expression of PCNA, FN-1, a-SMA and SMAD?2,3,4 when HHSteC
were treated with BDL cholangiocyte supernatant, increase that was reduced by LY2109761.
Data are mean+SEM of n=3 from 3 preparations of IMCL. *p<0.05 vs. basal. #p<0.05 vs.
HHStec treated with BDL cholangiocyte supernatant.
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