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Abstract

Background: The incidence of gallbladder diseases is as high as 20%, but
whether gallbladder diseases contribute to hepatic disorders remains unknown.
Methods: Here, we established an animal model of gallbladder dysfunction and
assessed the role of a diseased gallbladder in cholestasis-induced hepatic
fibrosis (CIHF).

Results: Mice with smooth muscle-specific deletion of Mypt1, the gene encoding
the main regulatory subunit of myosin light chain phosphatase (myosin phospha-
tase target subunit 1 [MYPT1]), had apparent dysfunction of gallbladder motility.
This dysfunction was evidenced by abnormal contractile responses, namely,
inhibited cholecystokinin 8-mediated contraction and nitric oxide—resistant relaxa-
tion. As a consequence, the gallbladder displayed impaired bile filling and biliary
tract dilation comparable to the alterations in CIHF. Interestingly, the mutant animals
also displayed CIHF features, including necrotic loci by the age of 1 month and
subsequently exhibited progressive fibrosis and hyperplastic/dilated bile ducts. This
pathological progression was similar to the phenotypes of the animal model with
bile duct ligation and patients with CIHF. The characteristic biomarker of CIHF,
serum alkaline phosphatase activity, was also elevated in the mice. Moreover, we
observed that the myosin phosphatase target subunit 1 protein level was able to be
regulated by several reagents, including lipopolysaccharide, exemplifying the risk
factors for gallbladder dysfunction and hence CIHF.

Conclusions: We propose that gallbladder dysfunction caused by myosin phos-
phatase target subunit 1 ablation is sufficient to induce CIHF in mice, resulting in
impairment of the bile transport system.

Abbreviations: CCK8, cholecystokinin 8; CIHF, cholestasis-induced hepatic fibrosis; CK19, cytokeratin 19; DEG, differentially expressed gene; KO, knockout; LPS,
lipopolysaccharide; MLCP, myosin light chain phosphatase; MYPT1, myosin light chain phosphatase; SMC, smooth muscle cell.
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INTRODUCTION

The human gallbladder is a small pear-shaped organ
composed of epithelial and smooth muscle layers and
plays essential roles in digestion by maintaining bile
homeostasis. Under fasting conditions, bile produced by
the liver is collected and then concentrated in the
gallbladder. Upon food intake, via regulated contractile
responses of the gallbladder smooth muscle, the stored
bile is expelled to the small intestine through the biliary tract
so as to digest fat. Under pathological conditions, these
processes may be impaired, leading to various gallbladder
diseases, such as gallstones, acalculous biliary pain, and
gallbladder inflammation."? The incidence of gallbladder
diseases is as high as 20%.°! Whether gallbladder
pathologies induce hepatic disorders remains unclear.
Notably, various complications can occur after cholecys-
tectomy (ie, the symptoms of dyspepsia, bile reflux, biliary
injury, and increased risks of liver fibrosis, HCC, and
gastrointestinal cancer®7l), implying involvement of the
gallbladder in liver disorders under certain conditions.

Motility is a basic ability of the gallbladder and is
mediated by an elaborative process coordinated by
contraction/relaxation and spontaneous peristalsis of
the gallbladder.l®! Smooth muscle—based motility is
highly regulated by hormones (eg, cholecystokinin 8
[CCK8]) and neurotransmitters (eg, acetylcholine and
nitric oxide) released from intrinsic neurons and
extrinsic sympathetic nerves.[®19 Additionally, it can
be further influenced by physiological and pathological
factors such as cholesterol, hydrophobic bile salts and
other toxic substances.!'""2l Dysfunctional regulation of
gallbladder motility likely impairs hepatic bile homeosta-
sis and hence results in hepatic disorders. However,
there are no reports of a causal link between
dysfunctional motility of the gallbladder and liver
disorders. A key technical reason may be the difficulty
in establishing a proper animal model.

Gallbladder motility is driven primarily by the force
produced by smooth muscle. Smooth muscle contraction
is evoked by depolarization and G protein-coupled
receptor-coupled agonists in a calcium (Ca?*)-dependent
manner.['3.14 Elevated [Ca2*]; induces myosin regulatory
light chain phosphorylation via activation of myosin light
chain kinase and potentiates myosin ATPase activity
necessary for cross-bridge movement.'5l On the other
hand, phosphorylated regulatory light chain can be
dephosphorylated by myosin light chain phosphatase
(MLCP), which consists of 3 subunits: myosin phospha-
tase target subunit 1 (MYPT1), a protein phosphatase 1c
catalytic core, and a 20 KD kinase with unknown
function. MYPT1 binding to the protein phosphatase 1c
catalytic subunit is critical for MLCP activity; thus, MYPT1
is a key regulator of Ca®*-sensitized contraction and
determines the contractile behaviors of smooth
muscles.['®.17] Ablation of MYPT1 may result in abnormal
motility of the gastrointestinal tract,l'”) and anorectum.!"8!

The gallbladder smooth muscle layer consists of a
complex interwoven arrangement of muscle cells
running in different directions and shares the basic
myogenic properties of smooth muscles, although its
responsiveness to stimuli is different. CCK8 and
acetylcholine are the key stimulators of gallbladder
smooth muscle contraction. CCK8 acts presynaptically
within gallbladder ganglia to increase the release of
acetylcholine from vagal terminals,’®'9 whereas nitric
oxide, a primary gas messenger or nerve transmitter,
serves as a potent and efficient relaxant of gallbladder
smooth muscle in a manner similar to that in other
smooth muscles.2021 |n this study, we observed that
MYPT1 also played essential functions in the contractile
behaviors of the gallbladder. Deletion of MYPT1 led to
dysfunctional motility of the gallbladder. Moreover, this
dysfunctional motility might have been exacerbated by
gallbladder hyperplasia. Using an MYPT1-deficient
mouse line as an animal model of dysfunctional motility
of the gallbladder, we assessed the relationship
between abnormal motility and hepatic disorder. The
results showed that the mutant mice displayed pheno-
types similar to those of cholestasis-induced hepatic
fibrosis (CIHF),22-241 thus suggesting that a reduction of
MYPT1 expression in smooth muscle might be a
pathogenic factor for CIHF-associated diseases.

METHODS
Animals

The knockout (KO) animal model was generated as
described.l"") Briefly, floxed mice carrying loxP sites flanking
exon 1 of Mypt1 were crossed with Smooth Muscle Actin-
Cre transgenic mice. The resultant animals (Mypt 17X,
Smooth Muscle Actin-Cre, Mypt1ASMASM) - displayed
smooth muscle-specific deletion of the Mypt1 gene. All
mice were housed under a 12:12-hour light/dark cycle and
permitted ad libitum consumption of water and food. All
animal procedures were conducted in accordance with the
guidelines of the Animal Care and Use Committee of the
Model Animal Research Center at Nanjing University (AP#:
MZz24). All experiments used both male and female mice.
The drugs used have been approved by the FDA
(Antibiotics compound Library-L5300, Sellectchem).

Serum biochemistry

Blood samples were collected from mice anesthetized
by i.p. injection of avertin. After centrifugation at 6000
rpm for 10 minutes at 4°C, the sera were sampled and
frozen at —80°C. Alanine aminotransferase, aspartate
transaminase, alkaline phosphatase, and total bilirubin
were measured with standard protocols (Wako) using
Hitachi 7020 Chemistry Analyzer.
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Histological analysis

Liver samples were fixed in 4% paraformaldehyde
solution, dehydrated, embedded in paraffin, and cut into
5-um thick sections. Hepatic necrosis was determined by
morphometry on hematoxylin-eosin—stained slides (origi-
nal magnification, x10). For semiquantitative assessment
of liver fibrosis, sections were stained with Sirius Red
(S1020, Solarbio) and photographed, and the positive
staining area was calculated. To determine changes in the
hepatic bile duct, sections were heated in microwave for
antigen retrieval with Citrate Antigen Retrieval Solution
(E673001, Sangon Biotech), stained with an antibody
against cytokeratin 19 (CK19) (Ab52625, Abcam, 1:2000),
and then processed according to the manual of an
UltraSensitive SP IHC Kit (KIT-9720, MXB Biotechnolo-
gies Co., Ltd.). The cells positive for CK19 were
recognized as bile duct epithelial cells. Analysis of the
images was performed with Image J software.
Gallbladder samples were fixed in Carnoy solution
(R23046, Shanghai yuanye Bio-Technology Co., Ltd.) and
embedded in paraffin. These samples were sectioned at a
thickness of 5-um for histological examinations.

Immunofluorescence staining

The gallbladders were isolated, fixed in ice-cold acetone
for 10 minutes, and then washed with PBS. Following 20%
and 30% sucrose gradient dehydration, the samples were
covered with optimum cutting temperature mounting
medium and shock-frozen in liquid nitrogen. Cryosections
were prepared with a thickness of 10 ym. The nonspecific
binding of primary antibodies was blocked by incubation
with PBS containing 1% Bovine Serum Albumin and 5%
nonimmune goat serum for 1 hour. The blocked slides
were incubated overnight with primary antibodies against
MYPT1 (22117-1-AP, Proteintech, 1:200) and alpha-
smooth muscle actin (Ab7817, Abcam, 1:200). After
washing with Phosphate buffrered Saline withTween-20,
the slides were then incubated with an Alexa Fluor 555-
conjugated goat anti-rabbit antibody (A21428, Sigma,
1:250) or an Alexa Fluor 488—conjugated goat anti-mouse
antibody (A11001, Sigma, 1:250) for 1 hour. DAPI
(BS097, Biosharp, 1:500) was used for nuclear staining.
Immunoreactivity was evaluated using an FV1000 con-
focal laser scanning microscope system (Olympus).

Determination of hepatic hydroxyproline
content

To quantify collagen levels, the amount of hydroxyproline
in the left lateral lobe was measured with a hydroxy-
proline assay kit (BC0250, Solarbio) according to the
manufacturer's instructions. The optical density was
measured at 560 nm on a microplate reader (BioTek,
Synergy H1), and the hydroxyproline content was
calculated according to the manufacturer’s instructions.

In vitro gallbladder contractility studies

Mice were killed by cervical dislocation, and the
gallbladders were removed and immediately placed in
cold Krebs-Henseleit solution (NaCl 119 mM, Potas-
sium Chloride 4.7 mM, NaHCO; 25 mM, KH,PO4
1.18 mM, CaCl, 2.5 mM, MgSO4(7H,0) 1.17 mM,
glucose 11 mM). Each gallbladder was opened from the
end of the cystic duct to the base. The gallbladders
were washed with Krebs-Henseleit solution to remove
residual bile. Force measurements of the bladder strips
were performed as described.2>271 The strips were
placed vertically in 10 mL organ baths containing Krebs-
Henseleit solution and maintained at 37°C with 95% O,
and 5% CO,. Isometric contractions were measured
along the longitudinal axis using force transducers
(MLT0202; ADInstruments) connected to a PowerlLab
recording device (ML785, ADInstruments). Prior to
recording the force, the strips were equilibrated for at
least 30 minutes, and the initial tension was setto 0.1 g.
For measuring the contraction in response to
depolarization, Krebs solution with 80 mM K* solution
(NaCl 0.88 mM, Potassium Chloride 122.82 mM,
NaHCO3; 25 mM, KH,PO,4 1.18 mM, CaCl, 2.5 mM,
MgSQO,4 (7H,0) 1.17 mM, glucose 11 mM) was applied.
The contractile response to G protein-coupled receptor
agonists was measured by applying CCK8 (1.5 uM) or
acetylcholine (100 uM). The relaxation property of the
gallbladder muscle strips was measured by stepwise
cumulative additions with sodium nitroprusside (1074 to
1072 M) to the precontracted strips by CCK8 (1.5 uM).

Measurement of biliary pressure

Biliary pressure was measured according to a previ-
ously described method with modifications.28! The mice
were fasted overnight and sacrificed by cervical
dislocation. The distal portion of the cystic duct was
ligated, and a saline-filled catheter (29G) threaded
through the proximal portion of the duct into the fundus
of the gallbladder. The catheter was tied securely in
place to prevent leakage of bile. The catheter was then
connected to a pressure transducer. The pressure was
recorded on a PowerLab recording device (ML785,
ADlInstruments).

Single-nucleus RNA sequencing and data
analysis

To isolate nuclei for single-nucleus RNA sequencing
-seq, gallbladder tissues from 16 wild-type and 25 KO
mice were used. Nuclei were extracted using GEX-
SCOPE Nucleus Separation Solution (Singleron Bio-
technologies, Nanjing, China) and suspended at
3-4x10% nuclei/mL in PBS. The suspension was loaded
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onto a microfluidic chip (GEXSCOPE Single Nucle-
usRNA-seq Kit, Singleron Biotechnologies) and
processed with an lllumina HiSeq X10 instrument for
single-nucleus RNA sequencing, producing 150 bp
paired-end reads.

Gene expression matrixes were processed using
CeleScope v1.9.0 pipeline.[?! Differentially expressed
genes (DEGs) were identified via Seurat FindMarkers,
focusing on genes expressed in over 10% of the cells in
a cluster and an average log (fold change) above 0.25.
Cell type were annotated using the SynEcoSys data-
base based on DEGs’ canonical markers DEGS’
function were explored through Gene Ontology and
Kyoto Encyclopedia of Genes and Genomes pathways
using the “clusterProfiler” R package 3.16.1,139 with
significances set at p-adj values <0.05.

Quantitative real-time PCR

Gallbladders were carefully isolated from mice, the
connective tissue was quickly removed, and the
gallbladders were frozen in liquid nitrogen. Total RNA
was extracted using the TRIzol (9109, Takara Bio)
method according to the manufacturer's guidelines.
Reverse transcription was performed with HiScriptQ RT
SuperMix (R223, Vazyme).The primers were synthe-
sized by GenScript, and their sequences are listed in
Supplemental Table S1, http://links.lww.com/HC9/
A937. Quantitative PCR was performed on an ABI
QuantStudio 5 using Taqg Pro Universal SYBR gqPCR
Master Mix(Q131, Vazyme). Each reaction was carried
out in triplicate. The expression levels of the target
genes were normalized against those of an endoge-
nous reference gene, f-actin. All data are represented
by the fold change (2724CY).

Western blot analysis
Cultured cells were treated with a modified Radio

immunoprecipatation Assay buffer (50 mM Tris-HCI,
150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate,

0.1% SDS, glycerol, protease inhibitor cocktail
(5892970001, Roche) and PhoStop (4906845001,
Roche), pH 7.4) and prepared for SDS-PAGE.

Gallbladder tissues were sampled according to a
previously reported method.B'! Briefly, the tissue was
rapidly frozen by immersion in an acetone solution
containing 10% trichloroacetic acid and 10 mM Dithio-
threitol, then homogenized in a water solution contain-
ing 10% trichloroacetic acid and 10 mM Dithiothreitol
and centrifuged. Pellets were washed once with
acetone and twice with diethyl ether. The sample
powder was dissolved completely in a urea solution
(8 M urea, 23 mM glycine, 234 mM sucrose, 10.4 mM
dithiothreitol, 0.02 M EDTA, and 20 mM Tris-HCI pH

8.6). The concentrations of the protein samples were
measured using a Bradford protein assay (500-0006,
Bio-Rad). Samples were denatured and subjected to
SDS-PAGE, followed by protein transfer to Polyvinyli-
dene Fluoride membranes for immunoblotting with
primary antibodies and Horseradish Peroxidase-aggre-
gated secondary antibodies. The primary antibodies
included rabbit-anti-MYPT1 (Ab7817, Proteintech,
1:2500), rabbit-anti-phospho-MYPT1 (Thr853) (4563T,
CST, 1:1000), rabbit-anti-phospho-MYPT1 (Thr696)
(5163T, CST, 1:1000), and mouse anti-B-actin (A1978,
Sigma, 1:5000). To visualize the reactive signals, an
enhanced chemiluminescence method was used with
Subpico Western Solution (31059, SUDGEN) and
MaxiSignal Western Solution (51508, SUDGEN).

Statistical analysis

All statistical analyses were performed using GraphPad
Prism (v8). Student t test was performed for two-group
comparisons, and one-way ANOVA followed by Bon-
ferroni test was performed for multiple-group compari-
sons. Differences between groups were considered
significant at a p-value < 0.05. All data are presented as
the mean + SD unless otherwise indicated.

RESULTS

MYPT1 regulates gallbladder motility and
smooth muscle contractility

To determine whether MYPT1 regulates gallbladder
smooth muscle contractility, we examined the gallbladder
of MYPT1-KO (Mypt1ASMASM) mice. First, we measured
MYPT1 expression in the homozygous (Mypt1ASWASM)
and hetrozygous (Mypt1*2ASM ) mutant gallbladder.
Western blot analysis showed that the MYPT1 protein
level in Mypt1ASMASM galibladder was about 20% of the
control gallbladder (Figure 1A), while about 65% for
Mypt1*/ASMgalibladder. Immunofluorescence assay for
Mypt1ASMASM — gallbladder showed less MYPT1
expression in the smooth muscle layer, while
comparable MYPT1 expression in the epithelium
(Figure 1B). In the smooth muscle of Mypt1*/ASM
gallbladder; however, strong signals of MYPT1
expression was detected. This observation indicated a
high KO efficiency of MYPT1 in Mypt1ASMASM
gallbladder smooth muscle.

We then measured the contraction properties of the
mutant gallbladder smooth muscle. Under resting
conditions, approximately 50% of muscle strips from
28 control mice (Mypt1*'*) displayed constant peristaltic
contraction, whereas only 5% of muscle strips from 20
homozygous mice displayed such spontaneous con-
traction. The muscle strips from heterozygote mice
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FIGURE 1

Ablation of the Mypt1 gene results in loss of MYPT1 expression. (A) Western blot analysis of MYPT1 protein expression in

gallbladders from 4-week-old Mypt1*"*, Mypt1*/2ASM, and Mypt1ASMASM mice (n=5). The bars represent the mean values + standard errors of

the means (SEMs). *

p <0.05. (B) Co-immunofluorescence for MYPT1 (red) and a-SMA (green) in the gallbladder. DAPI-stained nuclei, blue.

Scale bar: 20 um. Abbreviations: MYPT1, myosin phosphatase target subunit 1; a-SMA, alpha-smooth muscle actin.

showed a reduced frequency of contractions compared
with that of control mice (Figure 2A, B). Thus, ablation of
MYPT1 appears to impair the spontaneous contraction
of the gallbladder.

We then measured the contractile responses of the
gallbladder to stimulation. For control gallbladder smooth
muscle strips, stimulation with depolarization or CCK8-
evoked contraction with a robust force followed by a
sustained phase, which was characteristic of tonic
contraction (Figure 2C, F). For the homozygote muscle
strips, stimulation with Potassium Chloride evoked
contraction with significantly higher maximal (0.27 +0.11
vs. 0.21+0.08 g, p<0.05) (Figure 2D) and sustained
force tension than that of the control muscle strips. At the
fifth minute after stimulation, the sustained tension
reached 87.17% + 6.18% of the maximal tension, which
was significantly higher than that of the control (71.48%
+12.66%, p < 0.0001) and heterozygote muscle (74.64%
+ 8.56%, p< 0.0001) (Figure 2E). This result showed
enhanced contraction of gallbladder smooth muscle after

MYPT1 deletion, which was consistent with our previous
reports showing enhanced calcium-sensitized contraction
in MYPT 1-deficient smooth muscles of blood vessels and
intestine. To our surprise, when we stimulated the
homozygote muscle strips with CCKS8, the evoked
maximal force was significantly lower than that of the
control muscle strips (p<0.01), although the relative
sustained force was not altered (Figure 2G). To further
confirm this phenomenon, we directly measured the
gallbladder pressure ex vivo in response to CCK8. After
we stimulated the control gallbladders by dropping CCK8
solution onto the bladder surface, the pressure increased
immediately and was maintained at up to 9.3 mm Hg,
while it was 7.6 mm Hg for heterozygotes and 9.58 mm Hg
for homozygotes (Figure 2H). This result also supported
the finding that MYPT1 deletion did not enhance the
contractility of the gallbladder in response to CCKS8
stimulation. CCK acts directly on CCK1 high-affinity
receptors present on smooth muscle cells to stimulate
contraction and likely also acts presynaptically to increase
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FIGURE 2

MYPT1-deficient gallbladder smooth muscles show altered contractile properties. (A) Representative tracings of rhythmic con-

tractions of gallbladders from Mypt1*/*, Mypt1*2ASM, and Mypt1ASMWASM mice at the age of 4 weeks. (B) Quantification of frequency. (C and F)
Representative tracings of gallbladders from 4-week-old Mypt1**, Mypt1*/2ASM, and Mypt1ASMASM mice elicited by 80 mM KCL or 1.5 umol/L
CCKS8. (D) Maximal tension evoked by KCL treatment. (E) Quantification of dynamic alterations of sustained tension responses to treatment with
80 mM KCL. The values are represented as percentages of the peak. (G) Maximal tension responses to treatment with 1.5 umol/L CCK8 (n>10,
**p < 0.03). (H) Biliary pressure responses to treatment with 1.5 pmol/L CCK8 were measured at the age of 4 weeks (n>8 for each group). (I)
Quantitative RT-PCR analysis showing the mRNA levels of Cckar. (n =8. * p <0.05). (J) Western blot assays and quantitative results are shown
for M3 receptors in gallbladder tissues. (K) Representative trace of an isometric tension recording showing the concentration-dependent relaxation
induced by SNP. (L) Log concentration-response curves for the relaxation effects of SNP expressed as a percentage of the maximal contractile
response to 1.5 pmol/L CCK8. The IC50 was also calculated (n>8, ****p <0.0001). Abbreviations: CCK8, cholecystokinin 8; KCI, potassium
chloride; MYPT1, myosin phosphatase target subunit 1; SNP, sodium nitroprusside.

acetylcholine release from vagal terminals onto
gallbladder neurons, which causes smooth muscle
contraction via M3 muscarinic receptors. To elucidate
the possible mechanism underlying the low response to
CCKS8, we measured the expression of CCK8 receptor
and M3 muscarinic receptors in the mutant gallbladders.
The results showed that these receptors were expressed
at approximately 50% lower levels than in the control
gallbladders (Figure 21, J), suggesting that the reduced
response to CCK8 was due to lower receptor expression.

We then measured the relaxation property of gallbladder
smooth muscle in response to nitric oxide (Figure 2K). For
the control gallbladders, upon addition of different doses of
a nitric oxide donor (sodium nitroprusside), the CCK8-
evoked contraction was relaxed in a dose-responsive
manner, and the half-maximal inhibitory concentration
(IC50) value was 68.22+86.96 uM (Figure 2L). For
homozygote gallbladders, however, the IC50 value was
significantly increased to 862.77 +662.44 uM (p <0.001)
(Figure 2L). This result clearly showed that the relaxation
response of nitric oxide was heavily impaired in MYPT1-
deficient gallbladders.

MYPT1-deficient gallbladders display
significant hyperplasia phenotypes

The inhibited spontaneous contraction of the mutant
gallbladder prompted us to examine the histology of the
gallbladder. In the control gallbladders, the wall was
composed of clear layers of epithelium and smooth
muscle. In the heterozygous gallbladders, the bladder
wall was composed of a muscle layer and an epithelial
layer. In contrast to the control, both layers appeared
thick and irregular possibly due to a size change of the
gallbladder (Figures 1B and 3A). This alteration became
more severe in the homozygous gallbladders. The
boundary of the epithelium and smooth muscle layers in
the 1-month-old homozygous gallbladders were
distinguishable, whereas the gallbladder wall of 3-
month-old homozygous mice was almost filled with
hyperplastic cells. In particular, there were several cell
masses of smooth muscle invading the epithelium and
villi-like structures, indicating tissue remodeling or
pseudo-villar projections had been formed in the wall.

We also examined the grass anatomy of the extra-
hepatic biliary tree of the mutant mice. The mutant bladder
appeared much smaller, and the mutant bile ducts were
wider and less transparent compared with the control
(Figure 4A). We examined the histology of the cystic duct,
common bile duct and ampulla of vater. Compared with
the control, both the mutant cystic and common bile ducts
showed thicker walls with hypertrophic connective tissues
and comparable lumens without obstruction and intact
epithelial layers visualized by CK19 staining (Figure 4B
and C). The mutant ampulla of vater was composed of a
smooth muscle layer that extended from intestinal smooth
muscle and an intact epithelial layer, which were
comparable to the control (Figure 4B and C). This result
indicated that MYPT1 deletion caused wall hyperplasia of
extrahepatic biliary tree, but did not affect their lumens and
epithelial layers.

Above observations suggested a role of MYPT1 in
tissue remodeling in addition to smooth muscle contrac-
tility. To investigate the possible mechanism underlying
tissue remodeling, we first measured cytokines and
hyperplasia-associated genes in mutant gallbladders. As
expected, the mutant gallbladders expressed higher
levels of TNF-o, TGF-$ and collagens (Figure 3B—F),
indicating that hyperplasia-related signaling was
activated. As TGF-p signaling is believed to be the
most essential signaling pathway for tissue remodeling,
we thus determined the involvement of MLCP in the
TGF-p response. Interestingly, upon stimulation with
10 pg/mL TGF- for 12 hours, MYPT1-T853 and MYPT1-
T696 phosphorylation levels in smooth muscle cells were
elevated, although the constitutive phosphorylation of
MYPT1 was also detected in resting cells (Figure 3G).
Although we do not currently know the detailed
regulatory scenario of MYPT1 phosphorylation in the
regulation of TGF-f signaling, our results strongly
suggest that the hyperplasia induced by MYPT1
ablation might be mediated through TGF-p signaling.

To further investigate the role of smooth muscle cells in
regulating the remodeling processes of the gallbladder
wall, we performed single-nucleus RNA sequencing
analysis. Nuclei from gallbladder tissues from wild-type
and KO mice, isolated as described in the methods, were
subsequently sequenced by using the lllumina HiSeq X10
instrument. The transcriptional profiles of 10,239 and
15,717 cells for KO and wild-type samples, respectively,
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were included in the subsequent analysis. The cell type cluster smooth muscle cells into 6 subpopulations
annotations were guided by marker gene expression. (Figure 5A—C). Next, we performed a Gene Ontology
Smooth muscle cell type-specific markers included well- enrichment analysis to understand the role of each
established markers such as Acta2, Mylk, and Myh11. smooth muscle cell subtype. The results showed that
And then unsupervised clustering was performed to Smooth Muscle Cell1 was mainly related to “muscle
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FIGURE 4 Examination of the extrahepatic bile duct system in 3-month-old mice. (A) Microscopic observation of the extrahepatic bile ducts: a,
a’ represent cystic duct; b, b’ denote the common bile duct; ¢, ¢’ illustrate the ampulla of Vater. (B) Representative images stained with hematoxylin
and eosin. (C) Representative images immunolabelled with an antibody against CK19.

system process,” “muscle tissue development,” and
“muscle contraction,” suggesting that it was a contractile
SMC. SMC2, SMC3, SMC4, and SMC5 all displayed
downregulation of contractile relative pathways. In
addition, in the KO smooth muscle, we found an extra
small subset (SMC6), which was mainly associated with
“regulation of neuron differentiation,” “axonogenesis,”
“developmental cell growth,” and “muscle contraction.”
The role of this newly identified subset in gallbladder
remodeling remains to be determined. Moreover, the
genes associated with cell proliferation and extracellular
matrix-related signaling pathways were enriched in all
subsets of mutant smooth muscle cells, which was
consistent with the hyperplasia phenotype (Figure 5D, E).

Dysfunction of the MYPT1-deficient
gallbladder induces CIHF in mice

To examine the complicated disorders induced by
gallbladder dysfunction due to MYPT1 mutation, we
examined the hepatic system in mice. In contrast to
those in our previous reports,['7:32 the Mypt17ox/lox mice
we used here were repeatedly crossed with Smooth
Muscle Actin-Cre mice (C57BL/6 background) for
approximately 10 years and thus displayed a highly
homogeneous genetic background. Generally, the
mutant mice  (Mypt1ASMASMY  showed  similar

appearances and physiological activities except for
lower body weights at 3 months after birth
(Figure 6A), which may have been due to altered
genetic background.

As MYPT1 can be expressed in hepatic vascular
smooth muscle, MYPT1 deletion potentially affects the
hepatic vascular system and hence liver function. To
examine the integrity of this vascular system, we
visualized the hepatic vascular system by uCT. For the
mutant livers, the vascular trees were comparable to
those of the controls, showing no developmental
defects after MYPT1 deletion (Supplemental Figure
S1, http://links.lww.com/HC9/A937). We also exam-
ined the hepatic vascular system in response to CCl4
injury. Similar to those of the controls, the mutant
hepatic vessel trees also grew larger from the 12th
week after injury (Supplemental Figure S1, http://links.
Iww.com/HC9/A937). Thus, MYPT1 deletion in smooth
muscle does not seem to impair the hepatic vascular
system.

HSCs play a primary role in the development of
hepatic fibrosis. In a healthy liver, HSCs remain in a
quiescent state. However, when fibrogenesis is trig-
gered, quiescent HSCs undergo differentiation into
activated HSCs. During this transition, they lose their
intracellular lipid droplets and acquire a myofibroblastic
phenotype. This is characterized by a marked increase
in the expression of a-smooth muscle actin , desmin,
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and type | collagen. Considering that our mouse model
is generated by crossing Mypt17ofox mice crossed with
transgenic mice expressing Cre driven by a smooth
muscle a-actin promoter, it is important to recognize the
potential role of MYPT1 in HSCs. We isolated primary
HSCs from mice aged 4—6 months. Under an optical
microscope, we observed that 90% of the cells
contained lipid droplets. These cells were cultured

in vitro for 0—6 days. At the first day (D1) of culture,
the cells showed round morphology and became shuttle
and star-like morphologies afterward, indicating stellate
cells start to activate after the second day of culture
(Supplemental Figure S2A, http:/links.lww.com/HC9/
A937). We also measured by western blot the MYPT1
and alpha-smooth muscle actin proteins at DO (the day
before culture), and found that DO cells did not express
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Abbreviation: MYPT1, myosin phosphatase target subunit 1.

this protein until the fourth day after culture (Supple-
mental Figure S2B, http:/links.lww.com/HC9/A937).
This observation suggests that resting HSCs did not
express MYPT1 and hence MYPT1 unlikely evolved in
initiating fibrosis. However, it is important to note that we
lack data to rule out its role in the later process of
fibrosis.

By the age of 1 month, all groups of mice (controls,
heterozygotes, and homozygotes) displayed compa-
rable liver size and morphology. However, the gall-
bladders of the KO mice were apparently smaller than
those of the control mice and contained much less bile
solution (Figure 6B, C). At the third month after
birth, the structures of the homozygous gallbladders
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became tube-like, and almost no bile solution was
observed (Figure 6D). This alteration was unlikely
to be caused by developmental defects of the
gallbladders because the gallbladder weights were
not altered (Figure 6E). This observation clearly
showed that the mutant gallbladders displayed
impaired bile distension or bile filling.

Histologically, we examined the livers of the mutant
mice at the age of 1 month. We found that 60% (6/10) of
the mutant livers of homozygotes had necrotic foci in
sizes of 0.31-1.36 mm? (0.72 + 0.35 mm? on average),
whereas no necrotic areas were observed in the control
and heterozygote livers (Figure 7A). Interestingly, these
necrotic foci disappeared 3 months after birth, indicating
that this hepatic necrosis was recoverable.
Measurement of hepatic fibrosis by staining with Sirius
Red revealed very little fibrosis staining in the control
and mutant livers before 1 month after birth. However,
as the age increased to 3 months, the mutant livers
showed apparent fibrosis, and the fibrosis became more
extensive afterward (Figure 7B). Such fibrotic
alterations were further validated by elevations in the
levels of the amino acid hydroxyproline, which reflect
collagen levels, in the mutant livers (Figure 7C). This
result showed that MYPT1-KO mice displayed hepatic
necrosis at the early stage and progressive fibrosis at
the late stage. To further characterize hepatic fibrosis,
we examined the biliary tracts of the mutant livers. The
biliary tracts outside the liver generally appeared larger
than those of the controls. The common bile ducts were
generally enlarged, with their diameters increasing from
0.2 mm in the control group to 0.26 mm in the mutants
(p<0.01) (Figure 7D). By using an antibody against
CK19, a specific marker of the biliary tract, we stained
the intrahepatic biliary tracts. In the control and
heterozygote livers, there were 1-3 bile ducts around
the portal vein area (Figure 7E). In homozygote livers,
however, the number of bile ducts increased to 28
(p<0.0001) (Figure 7F). The average area of these bile
ducts in the portal area-normalized portal vein area
accordingly increased from 0.0284 +0.0230 in the
control livers to 0.32 +0.2866 in the homozygote livers
(p<0.0001) (Figure 7G). This observation indicated
significant hyperplasia of intrahepatic bile ducts around
the central vein area in the mutant livers.

Overall, the fibrotic pathology of the mutant livers
was characterized by necrosis by the age of 1 month
and extensive fibrosis and hyperplastic/dilated bile
ducts around the age of 6 months, which was
phenotypically similar to CIHF induced by bile duct
ligation in animals and to human primary CIHF. We also
measured the serum parameters associated with
hepatic fibrosis. The results showed that alanine
aminotransferase, total bilirubin, and alkaline phospha-
tase levels were increased significantly in KO mice
(Supplemental Figure S3, http://links.lww.com/HC9/
A937).

MYPT1 protein expression can be
downregulated under pathological
conditions

Given that MYPT1 ablation leads to CIHF phenotypes,
the factors inhibiting MYPT1 expression presumably
associated with CIHF. To investigate these potential
factors, we examined the effects of lipopolysaccharide
(LPS) and various therapeutic drugs on MYPT1 expres-
sion because these factors have more opportunities to
target gallbladder. We incubated fresh gallbladders with
LPS and then measured MYPT1 protein expression by
western blotting. The results showed that treatment with
100 pg/mL LPS significantly reduced MYPT1 expression
(Figure 8A). We also measured the effects of 800 drugs
that have been approved by the Food and Drug
Administration on MYPT1 expression in A7r5 cells. We
observed that approximately 60 drugs (5 uM) could
downregulated the expression of MYPT1 protein by
>50% (Figure 8B). The drugs are listed in Supplemental
Table S2, http://links.lww.com/HC9/A937. This effect
might not have been due to the cytotoxicity of the drugs
because they displayed no toxic effects on the cells at the
concentration used. This observation suggests that
MYPT1 expression might be downregulated by several
factors, including LPS and some therapeutic drugs.

DISCUSSION

To investigate the relationship between gallbladder
function and hepatic disease, we applied an animal
model showing gallbladder dysfunction established by
smooth muscle-specific deletion of the Mypt1 gene. The
dysfunctional gallbladders exhibited impaired motility
and bile filling resulting from abolished spontaneous
contraction, impaired relaxation by nitric oxide, and
apparent tissue remodeling. Analysis of this animal
model revealed that gallbladder dysfunction induced
substantial hepatic phenotypes resembling CIHF. This
finding provides a causal link between gallbladder
function and liver disorders. According to our observa-
tions, we propose a mechanistic working model for
gallbladder-related regulation of liver disorders under
pathological conditions. Under pathological conditions
such as exposure to LPS and drugs, gallbladder smooth
muscle degrades the MYPT1 protein via the ubiquitin
pathway.l33l As a result, the contractile properties of the
gallbladder are altered, eg, spontaneous contraction is
inhibited, Ca®*-sensitized contraction is enhanced, and
the relaxation response to nitric oxide is impaired.
These alterations change the gallbladder motility
necessary for bile filling and elimination, thereby leading
to overfilling or leaking of the bile solution both in both
biliary tracts and intrahepatic tissues. The detained bile
induces necrosis of hepatic cells followed by progres-
sive fibrosis and hyperplasia of bile ducts. As this
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mice were stained with H&E (upper) or Sirius Red (lower). Arrows indicate hepatocellular necrosis. (B) Quantification of Sirius Red staining
(n> =3). (C) Hepatic collagen content was measured by biochemical determination of hydroxyproline content (n=6). (D) Diameter of the

Fibrosis
area (mm?/liver)

CBD diameter (mm) 5

Bile duct number

Sirius Red | | H&E

Mypt1*"*

Mypt1ASM/ASM

3-month old

*%

o
©
)

o
(%)
|

o
-
L

o
=}
|

20 -

10

3-month old
A —

_ 4 - (hC) - Mypt1+/+
S
i 3 E 80 - EE Mypt1 SMASM
-— = o *
a2 —
O E 2 5 |
S5g°’ g%
ic o
§ 14 E 40
© X
0 - _g 20
Py e‘ >
& & 2
W g o 0
A\ Q(\ 2 1 3 6 9
QX\* age (month)
6-month old
(E) +TF +TASM ASMIASM
I Mypt1 | | Mypt1 | Mypt1 |
n Ty
o .
£ ok
5 e
< '
2| N 5.
ae
(5] % ’s

(G)

Bile duct area
(normalized portal vein area)

2.0
1.5 1
1.0
0.5

0.10 +
0.08
0.06
0.04
0.02
0.00 -

Fkkk

ns

MYPT1-deficient mice display cholestasis-induced hepatic fibrosis. (A) Representative liver sections of control mice and Mypt1-KO



14 |

HEPATOLOGY COMMUNICATIONS

extrahepatic common bile ducts from 4-week-old male mice (n=5). (E) Representative images of liver sections from 3-month-old mice immu-
nolabelled with an antibody against CK19. Arrows indicate bile ducts. (F) Numbers and (G) sizes of intrahepatic bile ducts surrounding portal areas
(n=5). *p<0.05, **p<0.03, *** p<0.0005, ****p<0.0001. The values are means + SEMs. Scale bars: 50 pm. Abbreviations: BD, bile duct; H&E,
hematoxylin and eosin; MYPT1, myosin phosphatase target subunit 1; LPS, lipopolysaccharide; PV, portal vein.

disorder is phenotypically similar to CIHF, we suggest
that MYPT1-mediated gallbladder dysfunction may be
an essential factor for CIHF.

Clinical CIHF is a syndrome caused by cholestasis,
and the most representative cholestasis liver diseases
include primary biliary cirrhosis and primary sclerosing
cholangitis).

Despite of the pathogenesis heterogeneity proposed,
both primary biliary cirrhosis and primary sclerosing
cholangitis display progressive structural damages of
the intrahepatic biliary tree and hence cholestasis?®*¥ in
which multiple factors including autoimmune inflamma-
tion and environmental factors may target biliary
epithelial cells.53¢] Thus, these diseases are usually
considered as autoimmune disease.l*"! In this report, we
specifically deleted MYPT1 of smooth muscle and
targeted bile flow through regulating gallbladder motility
without affection of other types of cells. Resultant
dysfunctional motility sufficiently alters the intrahepatic
biliary tree and hence bile fibrosis. Interestingly, the
main extrahepatic biliary with spare smooth muscle
fibers also shows altered histology. We thus speculate
that the damage from abnormal bile flow may be an
initial event of cholestasis-mediated pathology, and
autoimmune responses or histological alteration of bile
tree might be secondary to this initial event. Although
this proposal requires evidence from human observa-
tions, it provides with instructive clue to understand the
ethology of cholestasis-related diseases.

MYPT1 is the main regulator of MLCP, and the
binding of MYPT1 to protein phosphatase 1c increases
MLCP catalytic activity by ~1000-fold.*8 In smooth
muscle cells, deletion of MYPT1 leads to minimization
of MLCP activity and maximization of Ca®*-sensitized
contraction, thereby enabling smooth muscle to pro-
duce enhanced tension force. However, we observed
no enhancement of tension force produced by
gallbladder smooth muscle in response to CCK8. This
conflicting effect was attributable to reduced expression
of the CCK8 receptor as well as tissue remodeling of the
gallbladder. The tissue remodeling also suggests an
alternative role of MLCP in gallbladder smooth muscle
beyond Ca?* sensitization. In this study, we found that
stimulation with TGF-§ promoted MYPT1T696/853
phosphorylation in cultured smooth muscle cells, and
the expression of cytokines and remodeling-associated
genes in MYPT1-deficient gallbladders was accordingly
altered. This evidence clearly shows the involvement of
MLCP in regulating the hyperplasia-associated gene
expression network, particularly in gallbladder smooth
muscle cells. The underlying regulatory mechanism
remains to be determined. A possible scenario might
involve the phosphorylation of G protein-coupled
receptors or chromatin during the cytokine response
processes.[39401

In summary, based on our observations, we propose a
working model for the induction of hepatic fibrosis by
MYPT1 downregulation. The reduction in MLCP activity
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FIGURE 8

MYPT1 protein levels can be downregulated under pathological conditions. (A) LPS induced downregulation of MYPT1 expression

in gallbladder tissue. n=6, ** p<0.01, unpaired Student’s t test. (B) Western blotting was used to detect the effect of drugs on the expression of
MYPT1 in the A7r5 cell line (representative figure). Abbreviation: MYPT1, myosin phosphatase target subunit 1.
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enhances contractile responses to CCK8 and other
stimuli and inhibits spontaneous contraction. The altered
motility impairs bile collection and hence leads to hepatic
damage and fibrosis. Simultaneously, the reduction in
MYPT1 dysregulates proliferation-associated signaling
cascades (eg, TGF-f), thereby promoting gallbladder
proliferation and remodeling that exacerbate the process
of hepatic damage.
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