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Abstract

Background & aims: Melatonin reduces biliary damage and liver fibrosis in cholestatic models
by interaction with melatonin receptors, MT1 and MT2. MT1 and MT2 can form hetero- and
homo-dimers, but MT1 and MT2 can heterodimerize with the orphan receptor, G protein-coupled
receptor 50 (GPR50). MT1/GPR50 dimerization blocks melatonin binding, but MT2/GPR50
dimerization does not affect melatonin binding. GPR50 can dimerize with transforming growth
factorp receptor type | (TGFBRI) to activate this receptor. We aimed to determine the differential
roles of MT1 and MT2 during cholestasis.

Approach & Results: Wild-type (WT), MT1 knockout (KO), MT2KO and MT1/MT2 double
KO (DKO) mice underwent sham or bile duct ligation (BDL); these mice were also treated with
melatonin. BDL WT and Mdr2~/~ mice received mismatch, MT1 or MT2 Vivo-Morpholino.
Biliary expression of MT1 and GPR50 increases in cholestatic rodents and human primary
sclerosing cholangitis (PSC) samples. Loss of MT1 in BDL and Mdr2~~ mice ameliorated biliary
and liver damage, whereas these parameters were enhanced following loss of MT2 and in DKO
mice. Interestingly, melatonin treatment alleviated BDL-induced biliary and liver injury in BDL
WT and BDL MT2KO mice, but not BDL MT1KO or BDL DKO mice, demonstrating melatonin
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interaction with MT1. Loss of MT2 or DKO mice exhibited enhanced GPR50/TGFBR1 signaling,
which was reduced by loss of MT1.

Conclusions: Melatonin ameliorates liver phenotypes via MT1, whereas downregulation of
MT2 promotes liver damage via GPR50/TGFBR1 activation. Blocking GPR50/TGFBR1 binding
via modulation of melatonin signaling may be a therapeutic approach for PSC.

cellular senescence; protein kinase A; primary sclerosing cholangitis; TGFp1

Introduction

Cholangiocytes are the target cells in several cholangiopathies such as primary sclerosing
cholangitis (PSC) and primary biliary cholangitis (PBC), diseases that are evidenced

by changes in intrahepatic biliary mass (IBDM), biliary senescence and liver fibrosis,
phenotypes that are regulated by several factors including melatonin (1, 2).

Melatonin is secreted from the pineal gland and peripheral organs such as the
gastrointestinal and biliary tract (1, 3). Three different melatonin receptors have been
identified, with melatonin receptors 1A and 1B (MT1 and MT2) that are expressed

in mammalian tissue and melatonin receptor 1C in amphibians (4). G Protein-Coupled
Receptor 50 (GPR50) is a melatonin-related orphan receptor with no affinity for melatonin
(5). GPR50 can heterodimerize constitutively with MT1, MT2 and transforming growth
factor-p (TGFp) receptor type | (TGFpPR1); GPR50 dimerization with MT1 (MT1/GPR50)
inhibits melatonin binding to MT1, but GPR50 dimerization with MT2 (MT2/GPR50) does
not block MT2 melatonin signaling (6). Engagement of GPR50 into heterodimers with
TGFPRL1 activates this receptor independent of TGFp binding (7).

In addition to regulating central circadian activity, melatonin modulates the function of
several peripheral organs including the biliary epithelium by interacting with MT1 and MT2
(8); however, the differential role of MT1 and MT2 in cholestatic liver injury is unknown.
We have previously shown that: (i) the rate limiting-step enzymes for melatonin synthesis
(arylalkylamine N-acetyltransferase, AANAT, and acetylserotonin O-methyltransferase)
modulate biliary phenotypes during cholestasis by autocrine signaling (1, 8, 9); and

(ii) exposure to complete darkness (which increases melatonin secretion) or exogenous
melatonin administration ameliorates the phenotypes of the multidrug resistance 2 knockout
(Mdr27/7) mouse model of PSC (8, 10). We aimed to determine: (i) the differential effects
of MT1 and MT2 on biliary/liver phenotypes; and (ii) the effect of melatonin treatment on
biliary damage and liver fibrosis in MT1 and MT2 KO mice.

Materials and Methods

Materials

Reagents were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO) unless
otherwise indicated. Information for all antibodies used is described in Supplemental Table
1. RNAs were extracted using TRIZOL® Reagent (Ambion®-Life Technologies, Grand
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Island, NY) following the manufacturer’s instructions. The Nova Ultra Sirius Red Stain kit
to detect interstitial collagen deposition was purchased from IHC World (Woodstock, MD).
The information on real-time PCR primers used is listed in Supplemental Table 2.

Animal Models

Male MT1KO and MT2KO mice (~25-30 g, obtained from Dr. G. Tosini, Morehouse
School of Medicine, Atlanta, GA) were crossed until homozygous MT1 and MT2 DKO
mice were obtained; the breeding colonies for MT1KO, MT2KO and DKO mice are
established in our animal facility. The corresponding wild-type mice (WT, C3H/HeJ) were
obtained from Dr. G. Tosini. In the first set of experiments, WT, MT1KO, MT2KO and DKO
mice (12 wk of age) underwent sham surgery or bile duct ligation (BDL) for 1 wk (11).

To support the findings from MT1KO, MT2KO and DKO mice, we treated: (i) BDL WT
mice with Vivo-Morpholino sequences of MT1 (5 -GCAGCTCGCTGACATTGCCCTTCAT,
to reduce MT1 expression) and/or MT2 (5'-GGATTGAGCTGTTCTCAGGCATCTC, to
reduce MT2 expression) or mismatch Morpholino (5’-GaAGCTaGCTcACATTGaCCTTaAT,
for MT1, and 5 - GCATTCAGCTGTTaTCAGCCATaTC, for MT2) (Gene Tools LCC,
Philomath, OR) via tail vein injections (12.5 mg/kg body weight) at 1 and 4 days post

sham or BDL surgery; and (ii) Mdr2~~ mice (FVB/NJ inbred mice, 12 wk of age) with
MT1 (5-GCAGCTCGCTGACATTGCCCTTCAT, to reduce the expression of MT1) or
mismatch Morpholino (5’-GaAGCTaGCTcACATTGaCCTTaAT) via tail vein injections (at
7 and 3 days prior to harvesting, at the dose of 12.5 mg/kg body weight). Following

the administration of the mismatch Morpholino or Vivo-Morpholino targeting MT1, MT2

or MT1/MT2, we evaluated the immunoreactivity of MT1 and MT2 by semiquantitative
immunohistochemistry in paraffin-embedded liver sections (4 pm thick). Since MT1
immunoreactivity is present in cholangiocytes and at lower level in hepatic stellate cells
(HSCs), but not hepatocytes (3) and since MT1 is upregulated in cholangiocytes from

BDL and Mdr2~/~ mice (see Figure 1), the administration of MT1 Vivo-Morpholino likely
selectively targets cholangiocytes. To determine if melatonin’s effects are mediated by a
selective interaction with MT1 or MT2, we treated WT, MT1KO, MT2KO, and DKO

mice subjected to sham or BDL surgery with melatonin (dissolved in drinking water, 20
mg/L corresponding to a melatonin intake of 3 ug/g body weight per day) (12) for 1 wk.
Animals were maintained in a temperature-controlled environment (20-22°C) with 12:12-
hour light/dark cycles with free access to food and drinking water. Animal experiments were
performed according to protocols approved by either the Baylor Scott & White Health or
Indiana University School of Medicine IACUC Committees.

Human PSC samples

Human liver samples were obtained from the following sources: (i) controls (n=3, “n” is
used to designate sample size from each population) were purchased from Sekisui Xeno
Tech (Kansas City, KS); (ii) another control (n=1) and PSC samples (stage 4, late-stage,
n=6) were obtained from Dr. Burcin Ekser under the Institutional Review Board approved
protocol at Indiana University School of Medicine. The samples were used for RNA
extraction, paraffin-embedded and frozen sections. Informed consent was collected from
patients for the human specimens that were utilized in this study. The characteristics of
human control and PSC samples are listed in Supplemental Table 3.
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Cholangiocytes and HSCs

Mouse cholangiocytes were isolated by immunoaffinity separation (1, 2) using a monoclonal
antibody, rat IlgG2a (from Dr. R. Faris, Providence, RI) against an antigen expressed by

all intrahepatic cholangiocytes. HSCs were isolated by laser capture microscopy (LCM)
(13) from frozen liver sections (10 um thick) from 3 different mice for each group (n=3),
incubated overnight with an antibody against desmin (HSC marker) (14); desmin-positive
cells were dissected from the slides by the LCM system Leica LMD7000 (Buffalo Grove,
IL) and collected into PCR tubes. Cholangiocytes from human samples were isolated by
LCM with cytokeratin-19 (CK-19) antibody (biliary marker) (11). Total RNA was extracted
with the Arcturus PicoPure RNA isolation kit (Thermo Fisher Scientific, Waltham, MA).

Statistical analysis

Results

All data are expressed as mean + standard error (SEM). Differences between groups were
analyzed by unpaired Student’s #test during analysis of two groups and one-way ANOVA
when more than two groups were analyzed, followed by a suitable post hoc test. The level of
significance was set at £<0.05.

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

Immunoreactivity/expression of MT1 and MT2

By immunofluorescence in liver sections, we demonstrated biliary immunoreactivity for
MT1 and MT2 in WT and BDL WT (C3H/HeJ) mice, Mdr2~/~ mice and its corresponding
WT (FVB/NJ WT) mice, and in human samples from control subjects and PSC patients
(Figure 1A-C). We demonstrated weak immunoreactivity for MT1 and MT2 in mouse and
human HSCs (co-stained for desmin), whereas mouse hepatocytes (co-stained for hepatocyte
nuclear factor 4a, HNF4a) were negative for MT1 and MT2 (Figure 1A-C).

By immunohistochemistry in liver sections, we demonstrated immunoreactivity of MT1 and
MT?2 in bile ducts from WT and BDL WT mice (Supplemental Figure 1A). Concomitant
with loss of MT1 in MT1KO mice, there was enhanced immunoreactivity of MT2 in
cholangiocytes, whereas in MT2KO mice there was enhanced biliary MT1 immunoreactivity
(Supplemental Figure 1A). A similar profile in mMRNA expression of MT1 and MT2

was seen in cholangiocytes from the selected groups of mice (Supplemental Figure 1B).

We observed enhanced mRNA expression of MT1 (P<0.05) but not MT2 (P=0.64) in
cholangiocytes from PSC patients compared to controls (Supplemental Figure 1C). These
findings demonstrate a compensatory regulation of MT1 and MT2 following the loss of the
receptor subtypes during cholestatic liver injury.

Measurement of immunoreactivity/mRNA expression of AANAT and melatonin serum

levels

In agreement with previous studies (1, 3), we observed immunoreactivity for AANAT
in bile ducts from BDL WT and Mdr2~/~ mice as well as late-stage PSC patients
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(likely due a compensatory mechanism), compared to the corresponding control samples
(Supplemental Figure 2A-B). Parallel to our previous study (3), we did not detect AANAT
immunoreactivity (co-localized with desmin) in HSCs (Supplemental Figure 2A).

There was enhanced biliary AANAT mRNA expression and melatonin serum levels in
BDL WT compared to WT mice; these parameters were unchanged in BDL MT1KO
compared to BDL WT mice, but decreased in BDL MT2KO compared to BDL WT mice
(Supplemental Figure 2C); BDL DKO mice displayed reduced biliary AANAT mRNA
expression compared to BDL WT mice (Supplemental Figure 2C).

BDL-induced liver damage is ameliorated in MT1KO but aggravated in MT2KO mice

Histopathological examination by hematoxylin and eosin (H&E) staining revealed foci of
hepatocyte necrosis (score=2) and moderate portal inflammation (score=2) in BDL WT mice
(Supplemental Figure 3A); however, BDL MT1KO mice showed a lower number of foci of
necrosis (score=1) and mild inflammation (score=1) than BDL WT mice. Interestingly, both
MT2KO and MT1/MT2 DKO BDL mice showed a higher degree of hepatocyte necrosis
(score=3) and marked inflammation (score=3) compared to BDL WT mice; WT mice had
normal histology (Supplemental Figure 3A). There were no relevant changes in the histology
of stomach, small and large intestine, pancreas, lung, heart, spleen, and kidney among WT,
MT1KO, MT2KO and DKO mice after sham or BDL surgery (Supplemental Figure 3C).

IBDM and liver fibrosis are decreased in MT1KO but increased in MT2KO and DKO mice
following BDL

IBDM was similar between WT, MT1KO, and MT2KO mice (Figure 2A). There was
increased IBDM in BDL WT compared to WT mice, which was reduced in BDL MT1KO
mice, but increased in BDL MT2KO and BDL DKO mice (Figure 2A). We demonstrated:
(i) enhanced collagen deposition and immunoreactivity for a-smooth muscle actin (a-SMA)
and collagen type | (Coll) in BDL WT compared to WT mice; (ii) reduced liver collagen
deposition and immunoreactivity for a-SMA and Coll in BDL MT1KO compared to BDL
WT mice; but (iii) increased collagen deposition and immunoreactivity for a-SMA and Coll
in BDL MT2KO and BDL DKO compared to BDL WT mice (Figure 2B—C); no significant
changes in collagen deposition were observed in the sham-operated groups (Figure 2B). The
MRNA expression of a-SMA, collagen type I, alpha 1 (Collal) and fibronectin-1 (Fn-1),
increased in cholangiocytes and HSCs from BDL WT compared to WT mice (Figure 2D);
however, mMRNA expression of these markers decreased in MT1KO but were enhanced in
MT2KO mice following BDL (Figure 2D).

Differential effects of MT1 and MT2 on cholangiocyte and HSC senescence and liver
inflammation

Biliary senescence activates HSCs by paracrine mechanisms through release of senescence-
associated secretory phenotypes (SASPs, e.g., TGFB1), whereas activation of cellular
senescence in HSCs limits liver fibrosis (15). Senescence-associated p-galactosidase (SA-
B-gal) staining and immunofluorescence for cyclin-dependent kinase inhibitor 2A (p16,
co-stained with CK-19) demonstrated increased biliary senescence in BDL WT compared
to WT mice, which was reduced in BDL MT1KO but increased in BDL MT2KO mice
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compared to BDL WT mice (Figure 3A-B); biliary senescence was further increased in
BDL DKO compared to BDL WT mice (Figure 3B). By real-time PCR for p16 and cyclin-
dependent kinase inhibitor 1A (p21), we demonstrated: (i) increased biliary but reduced
HSC senescence in BDL WT mice and BDL MT2KO compared to WT and BDL WT
mice, respectively; and (ii) reduced biliary senescence and increased HSC senescence in
BDL MT1KO compared to BDL WT mice (Figure 3C). There was increased number of
F4/80-positive macrophages in BDL WT compared to WT mice, which decreased in BDL
MT1KO but increased in BDL MT2KO and BDL DKO mice compared to BDL WT mice
(Supplemental Figure 4A).

Evaluation of miR-200b-dependent angiogenesis and clock genes

There was increased immunoreactivity for platelet endothelial cell adhesion molecule
(CD31) in BDL WT compared to WT mice, which decreased in BDL MT1KO but increased
in BDL MT2KO and BDL DKO mice compared to BDL WT mice (Supplemental Figure
5A). The expression of miR-200b increased in cholangiocytes from BDL WT compared to
WT mice, which decreased in BDL MT1KO mice (Supplemental Figure 5C).

We demonstrated: (i) increased immunoreactivity of brain and muscle ARNT-Like 1
(Bmall) in liver sections and mRNA expression of circadian locomotor output cycles
kaput (Clock), Bmall, cryptochrome 1 (Cryl) and period circadian clock 1 (Perl) in
cholangiocytes from BDL WT compared to WT mice that were reduced in BDL MT1KO
but enhanced in BDL MT2KO and BDL DKO mice (Supplemental Figure 6A and C).

Effects of MT1 and/or MT2 Vivo-Morpholino on liver phenotypes of BDL and Mdr2~/~ mice

In liver sections, we demonstrated: (i) decreased immunoreactivity of MT1 and MT2

in BDL WT mice treated with MT1, MT2 or MT1/MT2 Vivo-Morpholino, respectively,
compared to the corresponding mismatch Morpholino (Figure 4A); and (ii) decreased
immunoreactivity of MT1 in Mdr2~/~ mice treated with MT1 Vivo-Morpholino compared
to Mdr2~/~ mice treated with MT1 mismatch Morpholino (Figure 5A). We demonstrated
increased serum levels of alkaline phosphatase (ALP) in Mdr2~/~ compared to WT mice,
which was decreased in Mdr2™/~ mice treated with MT1 Vivo-Morpholino compared to
Mdr2~/~ mice treated with MT1 mismatch Morpholino; no significant changes in the
levels of transaminases (markers of hepatocyte injury, except the increase in alanine
aminotransferase (ALT) in Mdr2~/~ mice) were observed in the other animal groups
(Supplemental Table 5). There was: (i) reduced liver damage (Supplemental Figure

3B), IBDM, liver fibrosis, biliary senescence (Figure 4B-D), inflammation, angiogenesis,
immunoreactivity of Bmall, and biliary expression of clock genes and miR-200b, in BDL
WT mice treated with MT1 Vivo-Morpholino compared to BDL WT mice treated with
MT21/MT2 mismatch Morpholino (Supplemental Figure 4B, 5B—C and 6B-C); (ii) increased
liver damage (Supplemental Figure 3B), IBDM, liver fibrosis, biliary senescence (Figure
4B-D), inflammation, angiogenesis, immunoreactivity of Bmall and biliary expression
of clock genes, inflammation and angiogenesis in BDL WT mice treated with MT2 and
MT1/MT2 Vivo-Morpholino compared to BDL WT mice treated with MT1/MT2 mismatch
Morpholino (Supplemental Figure 4B, 5B and 6B-C); and (iii) reduced liver damage,
IBDM, biliary senescence, liver fibrosis (Figure 5A-C), inflammation, angiogenesis,
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immunoreactivity of Bmall and biliary expression of clock genes and miR-200b in Mdr2~/~
mice treated with MT1 Vivo-Morpholino compared to Mdr2~/~ mice treated with mismatch
Morpholino (Supplemental Figure 4B, 5B—C and 6B-C).

Effect of melatonin on liver phenotypes in BDL WT, MT1KO, MT2KO and DKO mice

Our previous /n vitro studies showed that melatonin inhibits biliary hyperplasia by
interaction with MT1 (2). In addition to the interaction with MT1, melatonin interacts

with the nuclear receptor superfamily RZR/ROR (16) demonstrating a receptor-independent
signaling mechanism. Supporting our /n vitro studies (2), we demonstrated that melatonin
significantly reduces liver damage (Supplemental Figure 3A), IBDM (Figure 6A), biliary
senescence (Figure 6B), liver fibrosis (Figure 6C), liver inflammation, angiogenesis and
immunoreactivity of Bmall in BDL WT and BDL MT2KO mice, but not in BDL MT1KO
and BDL DKO mice (Supplemental Figure 3A, 4A, 5A, 6A). Our data support the concept
that a selective interaction with MT1 mediates the beneficial effects of melatonin on liver
phenotypes.

Evaluation of protein kinase A (PKA) phosphorylation in liver sections and cholangiocytes

We demonstrated increased biliary expression of p-PKA substrate in liver sections (co-
stained with CK-19) from BDL WT compared to WT mice, which was decreased in BDL
MT1KO mice but further enhanced in both BDL MT2KO and BDL DKO mice compared
to BDL WT mice (Supplemental Figure 7A and Supplemental Table 4). Administration

of melatonin decreased the biliary immunoreactivity of p-PKA in liver sections from

BDL WT and BDL MT2KO mice, but not of BDL MT1KO and BDL DKO mice
(Supplemental Figure 7A and Supplemental Table 4). Mdr2~~ mice displayed biliary p-
PKA immunoreactivity compared to control mice, which were reduced in Mdr2~/~ mice
treated with MT1 Vivo-Morpholino compared to Mdr2™~/~ mice treated with MT1 mismatch
Morpholino (Supplemental Figure 7B and Supplemental Table 4).

We demonstrated enhanced biliary p-PKA immunoreactivity in PSC samples compared
to controls (Supplemental Figure 7C and Supplemental Table 4). A profile similar to

that observed for p-PKA substrate immunoreactivity was observed by immunoblots for
p-PKA/PKA (expressed as ratio to GAPDH) in cholangiocytes from WT, MT1KO and
MT2KO mice after sham or BDL surgery (Supplemental Figure 7D). However, there was
no significant change in ratios of p-PKA/PKA among WT, MT1KO and MT2KO mice
after sham or BDL surgery (Supplemental Figure 7D), suggesting that knockout of MT1
or MT2 regulates PKA protein levels rather than directly controlling the rates of PKA
phosphorylation.

Measurement of GPR50 immunoreactivity/expression and TGFBR1 activation

GPR50 acts as a melatonin-related orphan receptor but has no affinity to melatonin (5), and
GPR50 heterodimerization with MT1 inhibits melatonin binding to MT1 (6). In addition,
engagement of GPR50 into heterodimers with TGFBRL1 activates this receptor independent
of TGFp binding (7). To demonstrate that the changes in liver phenotypes, due to the

loss of MT1 or MT2, are GPR50/TGFBR1-dependent, we evaluated the immunoreactivity/
expression of GPR50, TGFBR1 and phosphorylation of Smad3 (p-Smad3). We demonstrated
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immunoreactivity for GPR50 in cholangiocytes, TGFBR1 and p-Smad3 in cholangiocytes
and total liver from all mouse groups, which was enhanced in (i) BDL WT compared to WT
mice, (ii) BDL MT2KO and BDL DKO compared to BDL WT mice, (iii) BDL WT mice
treated with MT2 and MT1/MT2 Vivo-Morpholino compared to BDL WT mice treated with
MT1/MT2 mismatch Morpholino (Figure 7A); (iv) Mdr2~/~ compared to control mice; and
(v) PSC samples compared to controls (Figure 7B). Biliary GPR50, TGFpPR1 and p-Smad3
immunoreactivity was reduced in (i) BDL MT1KO mice compared to BDL WT mice, (ii)
BDL WT mice treated with MT1 Vivo-Morpholino compared to BDL WT mice treated
with MT1/MT2 mismatch Morpholino (Figure 7A) and (iii) Mdr2~/~ mice treated with
MT1 Vivo-Morpholino compared to Mdr2~/~ mice treated with MT1 mismatch Morpholino
(Figure 7B). TGFB1 levels increased in cholangiocyte supernatants from BDL WT and
Mdr2~/~ mice compared to WT mice but decreased in BDL MT1KO mice compared to
BDL WT mice and Mdr2~/~ mice treated with MT1 mismatch Morpholino (Figure 7C).
Similar trends were demonstrated by real-time PCR for GPR50 mRNA expression in
isolated mouse cholangiocytes and in human PSC liver, and for TGFBR1 and TGFR1 in
mouse cholangiocytes (Figure 7D). No significant changes in GPR50 were observed after
melatonin treatment in the BDL animal groups (Figure 7A, D), supporting the concept

that downregulation of melatonin/MT1 signaling ameliorates biliary damage and liver
phenotypes.

Measurement of bile acid levels and composition in liver tissue

Knockout of MT1 caused the liver content of taurocholic acid (TCA) in the total bile

acid pool to significantly drop from 54.91% to 39.45% and content of tauro-p-muricholic
acid (T-p-MCA) within the total bile acid pool to rise from 42.01% to 57.37% following
BDL (Supplemental Figure8): a similar trend was also found in Mdr2~/~ mice treated with
MT1 Vivo-Morpholino compared to Mdr2~/~ mice treated with MT1 mismatch Morpholino
(Supplemental Figure 8). In the livers of WT and BDL MT1KO mice there was a decrease in
the levels of glyco lithocholic acid (GLCA) compared to WT and BDL WT mice; the levels
of deoxycholic acid (DCA) were decreased in BDL MT1KO compared with BDL WT mice
(Supplemental Table 6). There were no significant changes in liver total bile acid levels and
total primary/secondary conjugated/unconjugated bile acid levels between all BDL mouse
groups (Supplemental Table 7). Treatment of Mdr2~~ mice with MT1 Vivo-Morpholino
significantly changed bile acid levels of taurochenodeoxycholic acid (TCDCA), TBMCA,
tauroursodeoxycholic acid (TUDCA) and tauro-w-muricholic acid (T-w-MCA) as well as
total secondary bile acids and total secondary conjugated bile acids (Supplemental Tables 8
and 9).

Discussion

This study relates to the differential effect of the melatonin/MT1/MT2 axis on PKA
signaling and activation of TGFB/TGFBRL1 signaling via GPR50 binding in the modulation
of PSC phenotypes. We demonstrated that: (i) knockout of MT1 ameliorates the phenotypes
of cholestatic injury, whereas knockout of MT2 or both MT1and MT2 (DKO) worsens
biliary injury and liver fibrosis; and (ii) the administration of melatonin rescues liver
phenotypes in MT2KO but not MT1KO and DKO BDL mice, demonstrating that the
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beneficial effects of melatonin on PSC phenotypes are primarily mediated by interaction
with MT1.

Supporting our findings, recent work has shown that melatonin inhibits biliary hyperplasia
in BDL rats by downregulation of MT1 through decreased PKA phosphorylation (2).

This finding was mainly derived by /n vitro experiments using Luzindole and 4P-PDOT,
the first being an unselective MT1/MT2 antagonist and the second showing a higher
affinity (around 1000-fold) for MT2. To identify the differential role of MT1 and MT2
during cholestasis, we performed experiments in BDL and Mdr2™~/~ mice following genetic
knockout or pharmacological inhibition of MT1, MT2 or both receptors. In a recent study,
MT2 but not MT1 was involved in mitigating myocardial ischemia/reperfusion injury, and
the cardio-protection mediated by MT2 was independent of the presence of melatonin
(17). Another study suggests that melatonin enhanced cell-mediated and humoral immune
functions through MT2, but not MT1 (18). Conversely, as observed for other G-protein
coupled receptors, MT1 and MT2 may undergo differential desensitization or internalization
according to their natural agonist’s concentration or time of exposure, leading to a reduced
biological response (19, 20). Thus, the possibility to explore the differential effects of MT1
and MT2 on liver phenotypes seemed a natural progression of our previous studies.

In addition to being expressed in the central nervous system, studies demonstrated the
presence of MT1 and MT?2 in peripheral organs such as pancreas and the biliary epithelium
(2, 21). The increased immunoreactivity/expression of MT1 (observed in cholestatic BDL
and Mdr2™/~ mice and human PSC samples) supports the concept that MT1 is a key
pharmacological target for ameliorating cholestatic liver injury. The discrepancy between
the increase in MT2 expression (observed in our previous study in human PSC lines) (3)
and our finding related to MT2 expression in human PSC samples may be due to the
different models used (/n vitro and in vivo) and the fact that total liver samples from

human PSC specimen contain other cell types compared to the immortalized pure human
PSC cell line. Furthermore, some studies support the absence/weak expression of melatonin
receptors in hepatocytes, whereas others show the presence of MT1 in pericentral but not
periportal hepatocytes (2, 22). Concerning the expression of melatonin receptors in HSCs,
we demonstrated weak immunoreactivity of MT1 in HSCs from cholestatic BDL rats, and
MT1 and MT2 in HSCs from BDL and Mdr2~/~ mice (current study) as well as HSC lines
(3). Conversely, quiescent and activated HSCs express the nuclear melatonin sensor retinoic
acid receptor-related orphan receptor-alpha (RORa/Nr1fl) but not MT1 and MT2 (23).

The fact that AANAT is mainly expressed in cholangiocytes provides support the

concept that AANAT/melatonin/MT1/MT2/PKA signaling modulates biliary damage (by

an autocrine pathway), liver inflammation and fibrosis by paracrine mechanisms through
changes in the biliary release of SASPs (15, 24, 25). Our results are supported by a recent
study demonstrating increased immunoreactivity/expression of AANAT in cholangiocytes
(likely due to a compensatory mechanism) from cirrhotic PBC specimen, whereas melatonin
biosynthesis and levels were reduced (26). The concept related to melatonin’s autocrine
modulation of liver phenotypes is supported by previous studies showing that the biliary
modulation of AANAT regulates liver phenotypes in cholestatic rodent models and human
cholangiocarcinoma /in vitroand in vivo models (1, 3, 9). The presence of AANAT has
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been demonstrated in other peripheral organs such as spleen, kidney and heart (27).
Melatonin ameliorates biliary damage and senescence as well as liver inflammation,
fibrosis and cirrhosis through receptor-dependent and -independent pathways (1-3, 8).
For example, melatonin ameliorates the phenotypes of liver diseases such as early-stage
and late-stage liver cirrhosis, non-alcoholic fatty liver diseases (NAFLD), nonalcoholic
steatohepatitis (NASH), alcohol-induced liver damage, PBC and PSC through antioxidant
and anti-inflammatory properties (8, 10, 28, 29).

MT1 and MT2 homodimers are tightly coupled to the G;/cAMP/p-PKA pathway, which
appears to be the case for MT1/MT2 heterodimers (30), a concept supported by our data
showing melatonin ameliorates liver phenotypes through downregulation of MT1/cAMP/
p-PKA signaling. For example, the melatonin/MT1 axis modulates insulin secretion in

rat pancreatic cells through downregulation of cCAMP levels (31). Upregulation of hepatic
melatonin levels by overexpression of the biliary AANAT inhibited biliary damage in
cholestatic rodents by downregulation of cAMP signaling (1). Furthermore, melatonin
decreases the proliferation of the hepatocarcinoma HepG2 cell line by downregulation of the
cAMP/p-PKA signaling pathway (32). Supporting the notion that downregulation of MT1
decreases CAMP signaling, a study has shown that the pharmacological effects of melatonin
on HEK-293 cells are mediated by MT1-dependent activation of ERK1/2 (33). The concept
that the lack of or downregulation of MT2 would result in increased cAMP signaling and
subsequent worsened liver phenotypes is supported by evidence in chick embryo retinas
where melatonin inhibition of cAMP levels was blocked by the MT2 antagonist, 4-phenyl-2-
propionamidotetralin (34). Furthermore, we aimed to determine if knockout of MT1 or MT2
affected the expression of GPR50/TGFB1R signaling and subsequent changes in biliary

and liver phenotypes. GPR50 is a melatonin-related orphan receptor with no affinity to
melatonin (5), and GPR50 can heterodimerize with MT1, MT2 and TGFpRI. However,
GPR50 dimerization with MT1 (MT1/GPR50) completely inhibits melatonin binding of
MT1, but GPR50 dimerization with MT2 (MT2/GPR50) does not reduce melatonin binding
to MT2 (6). Engagement of GPR50 into heterodimers with TGFpR1 (GPR50/TGFBR1)
activates TGFp signaling independent of TGFp levels (7). Our data showed that the
expression of GPR50 was increased in cholangiocytes from Mdr2~/~ mice and PSC

human samples which may promote the activation of TGFp signaling. Interestingly, the
propensity for MT1/MT1 homodimer and MT1/MT2 heterodimer formation is similar

and predominant, whereas the propensity for MT2/MT2 homodimer formation is much
lower (35). Therefore, depletion of MT1 may lead to increased MT2/GPR50 heterodimer
formation and subsequently reduce GPR50/TGFBR1 heterodimer-induced TGFp signal
activation. In fact, following the knockout of MT2, there is enhanced likelihood of
MT1/MT1 homodimer and MT1/GPR50 heterodimer formation that completely inhibits
melatonin binding of MT1 (6), which explains why MT2KO mice subjected to cholestatic
injury have worse biliary and liver phenotypes. In support of this concept, knockout of MT1
decreases GPR50, whereas MT2 knockout increases GPR50 expression. The differential
changes in biliary expression of the TGFBL/TGFB1R axis (observed following MT1 and
MT2 knockout) agree with our previous studies showing that enhanced expression of
biliary TGFP1/TGFB1R signaling (observed during cholestasis) induces an increase in
cholangiocyte senescence and liver fibrosis by enhanced release of TGFB1. This finding
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is important in the progression of a number of cholangiopathies, such as PSC and PBC (10,
13, 25, 36-38). The increase in TGFP1 signaling (e.g., following MT1/GPR50 heterodimer
formation) may contribute to increased cCAMP/p-PKA signaling, as suggested by studies in
other cell types such as rat intraglomerular mesangial and osteoblast-like cells (39, 40). We
next performed studies to demonstrate that the effects of MT1/MT2/TGFB1 signaling on
liver phenotypes are linked to changes in miR-200b-dependent angiogenesis. This signaling
pathway plays an essential role in melatonin’s impact on biliary/liver phenotypes (3, 10).
Supporting this, bioinformatic predictions and luciferase reporter assay found VEGF to be
a target of miR-200b (41). Furthermore, miR-200b targets TGFR1, as well as Smad2 and
Snail, which are critical mediators of TGFp and VEGF signaling (10, 38, 42).

We demonstrated that MT1/MT2 differential modulation of biliary damage and liver fibrosis
are associated with changes in the expression of selected clock genes, since downregulation
of MT1 reduces the expression of clock genes that are otherwise upregulated by knockout of
MT2. We have shown that: (i) the expression of the clock genes, Clock, Bmall, Cry1, and
Perl is increased in BDL and Mdr2~/~ mice; and (ii) melatonin administration or maneuvers
(such as pinealectomy or exposure to darkness) that modulate melatonin secretion reduces
liver phenotypes by downregulation of miR-200b-dependent angiogenesis (3, 10). Similar to
our findings, dysregulation of clock genes is shown in several liver diseases such as NAFLD,
NASH, PBC, PSC and alcohol-induced liver damage (8, 43, 44).

In conclusion, while the loss of MT1 decreases liver damage in cholestasis, loss of MT2
alone or together with MT1 worsens biliary senescence and liver fibrosis by the preferential
formation of MT1/GPR50 heterodimers, leading to reduced melatonin binding to MT1

and enhanced p-PKA/TGF1 axis. Our data suggests that downregulation of MT1/GPR50
signaling may be a critical therapeutic approach for modulating cholangiopathies such as
PSC.

Supplementary Material
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Cryl cryptochrome 1
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ALP alkaline phosphatase
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Figure 1.
Immunofluorescence of MT1 and MT2 (co-stained with CK-19, desmin and HNF4a) in

liver sections from [A] BDL and [B] Mdr2~/~ mice (and the corresponding control mice) and
from [C] PSC patients and controls (n=3/group; green: MT1 or MT2, red: CK-19, desmin or
HNF4a, blue: DAPI; Orig. Magn., 40x; scale bar = 50 um; 3D Zoom x10).
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Figure 2.

[A-B] Representative images of liver sections from selected mouse groups were examined
for [A] IBDM by immunohistochemistry of CK-19 and [B] collagen deposition by Sirius
Red staining (10 different fields from 3 different mice/group; red arrows represent bile
ducts; Orig. Magn., 20x; scale bar = 100 um). [C] The immunoreactivity of fibrotic markers
a-SMA and Coll was evaluated by immunofluorescence in mouse liver sections co-stained
with CK-19 (n=3/mouse group; green: a-SMA or Col1, red: CK-19, blue: DAPI; Orig.
Magn., 20x; scale bar = 100 pm). [D] The mRNA expression of fibrotic markers (Collal,
a-SMA and Fnl) was evaluated by real-time PCR in isolated cholangiocytes (n=6) and
LCM-isolated HSCs (n=3) from the selected mouse groups. For bar graphs, data are mean +
SEM. *P<0.05 vs. WT mice, #£<0.05 vs. BDL WT mice.
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[A] Biliary senescence in liver sections from selected mouse groups was measured by
SA-B-gal staining (n=3/mouse group; black arrows represent SA-p-gal-positive bile ducts;
Orig. Magn., 20x; scale bar = 100 um). [B] Immunofluorescence for p16 co-stained with
CK-19 in selected mouse frozen liver sections (n=3/mouse group; green: p16, red: CK-19,
blue: DAPI; Orig. Magn., 60x; scale bar = 50 um). [C] Real-time PCR for senescence
markers (p16 and p21) in purified cholangiocytes (n=6) and LCM-isolated HSCs (n=3) from
the selected mice. Data are mean + SEM. *P<0.05 vs. WT mice, #£<0.05 vs. BDL WT
mice.
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[A] The immunoreactivity and expression of MT1 and MT2 in BDL mice treated with
the mismatch Morpholino or MT1, MT2 and MT1/MT2 Morpholino were measured by
immunohistochemistry in liver sections (n=3/mouse group; red arrows represent MT1
or MT2-positive bile ducts; Orig. Magn., 40x; scale bar = 50 pm). [B] Representative

images of liver sections were examined for IBDM by immunohistochemistry of CK-19 and

collagen deposition by Sirius Red staining in selected mouse groups (10 different fields
from 3 different mice/group; red arrows represent bile ducts; Orig. Magn., 20x; scale bar
=100 pm). [C] Liver fibrosis was observed by immunofluorescence of a-SMA and Coll
(co-stained with CK-19) in selected mouse frozen liver sections (n=3/mouse group; green:
a-SMA or Coll, red: CK-19, blue: DAPI; Orig. Magn., 20x; scale bar = 100 um). [D]
Biliary senescence was observed by immunofluorescence of p16 co-stained with CK-19
in selected mouse frozen liver sections (n=3/mouse group; green: p16, red: CK-19, blue:

DAPI; Orig. Magn., 60x; scale bar = 50 um) and real-time PCR for p16 and p21 in purified

cholangiocytes (n=6). For bar graphs, data are mean = SEM. *£<0.05 vs. BDL WT mice

treated with MT1/MT2 mismatch Morpholino.
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Figure 5.
[A] Representative images of liver sections from Mdr2~/~ mice (and the corresponding

control mice) and mismatch Morpholino or MT1 Vivo-Morpholino treated Mdr2~/~ mice
were examined for biliary immunoreactivity/expression of MT1 by immunohistochemistry
(n=3/mouse group; Orig. Magn., 40x; scale bar = 50 um), liver damage by H&E

staining (n=3/mouse group; Orig. Magn., 10x; scale bar = 200 um) and IBDM by
immunohistochemistry for CK-19 (10 different fields from 3 different mice/group; red
arrows represent bile ducts; Orig. Magn., 20x; scale bar = 100 um). [B] Liver fibrosis

was observed by Sirius Red staining (10 different fields from 3 different mice/group; Orig.
Magn., 20x; scale bar = 100 pm) and immunofluorescence of a-SMA and Col1 (co-stained
with CK-19) in selected mouse frozen liver sections (n=3; green: a-SMA or Col1, red:
CK-19, blue: DAPI; Orig. Magn., 20x; scale bar = 100 um). [C] Biliary senescence was
measured by SA-B-gal staining (n=3/mouse group; Orig. Magn., 40x; scale bar = 50 um)
and immunofluorescence of p16 co-stained with CK-19 in selected mouse frozen liver
sections (h=3/mouse group; green: p16, red: CK-19, blue: DAPI; Orig. Magn., 60x; scale bar
=50 pm), as well as real-time PCR for p16 and p21 in purified cholangiocytes (n=6). For
bar graphs, data are mean + SEM. *£<0.05 vs. WT mice, #£<0.05 vs. Mdr2~~ and Mdr2~/~
mice treated with mismatch Morpholino.
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Figure 6.
[A] Representative images of liver sections were examined for IBDM by

immunohistochemistry of CK-19 from groups of BDL WT, BDL MT1KO, BDL MT2KO
and BDL DKO mice treated with/without melatonin (10 different fields from 3 different
mice/group; red arrows represent bile ducts; Orig. Magn., 20x; scale bar = 100 ym). [B]
Biliary senescence was measured by immunofluorescence of p16 co-stained with CK-19

in selected mouse frozen liver sections (n=3/mouse group; green: p16, red: CK-19, blue:
DAPI; Orig. Magn., 60x; scale bar = 50 um) and real-time PCR for p16 and p21 in

purified cholangiocytes (n=6). [C] Liver fibrosis was observed by Sirius Red staining (10
different fields from 3 different mice/group; Orig. Magn., 20x; scale bar = 100 ym) and
immunofluorescence of a-SMA and Col (co-stained with CK-19) in selected mouse frozen
liver sections (n=3; green: a-SMA or Coll, red: CK-19, blue: DAPI; Orig. Magn., 20x; scale
bar = 100 pm). For bar graphs, data are mean £ SEM. *P<0.05 vs. corresponding untreated
mice, n.s.= no significant difference.
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Figure 7.
[A-B] Immunoreactivity of GPR50 was measured by immunofluorescence co-stained

with CK-19 (green: GPR50, red: CK-19, blue: DAPI; Orig. Magn., 60x for mouse

groups and 40x for human groups; scale bar = 50 um; 3D Zoom x6.7) in frozen liver
sections, and immunoreactivity of TGFBR1 (Orig. Magn., 20x; scale bar = 100 pm)

and Smad3 phosphorylation (Orig. Magn., 40x; scale bar = 50 um) was examined by
immunohistochemistry in paraffin-embedded liver sections from [A] BDL and [B] Mdr2™/~
related mouse groups (n=3), PSC (n=3) and healthy patients (n=3). [C] TGFp level in mouse
cholangiocyte supernatant was measured by ELISA kit (n=6). [D] The mRNA expression of
GPR50 in isolated cholangiocytes from human PSC patients (n=6) and controls (n=4) and
mRNA expression of GPR50, TGFBR1 and TGFB1 in isolated mouse cholangiocytes were
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evaluated by real-time PCR (n=6). For bar graphs, data are mean £ SEM. *P<0.05 vs. WT
mice or BDL WT mice treated with MT1/MT2 mismatch Morpholino, #£<0.05 vs. BDL
WT mice or Mdr2~~ and Mdr2~/~ mice treated with mismatch Morpholino.
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Figure 8.
Working model of down-regulation of MT1 and/or MT2 leads to differential impacts in the

biliary expression of clock genes, GPR50, TGFB, TGFBR1, Smad3 phosphorylation and
PKA phosphorylation during cholestasis, which is associated with regulation of ductular
reaction, biliary senescence, liver inflammation angiogenesis and fibrosis. (Created with
BioRender.com)
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