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that MSLN may be a potential target for antifibrotic therapy.

Introduction

Fibrosis is an aberrant wound-healing process, in which chronic
injury in any tissue activates myofibroblasts to produce a fibrous
scar (1). Myofibroblasts are rare in normal tissues, and their origin
depends on the tissue and type of injury. Many types of research
suggest that liver-resident hepatic stellate cells (HSCs) and portal
fibroblasts (PFs) are major sources of myofibroblasts in fibrotic liv-
er (2). However, the composition of myofibroblasts varies signifi-
cantly, depending on the etiology of hepatic fibrosis; hepatotoxic
liver fibrosis (injury to hepatocytes, such as that caused by chronic
viral hepatitis and nonalcoholic steatohepatitis) results from the
activation of HSCs (3), while activated PFs (aPFs) are implicated
in the pathogenesis of cholestatic fibrosis (obstruction to bile flow,
such as that caused by primary and secondary biliary cirrhosis and
primary sclerosing cholangitis) (4).

PFs are “periductular mesenchymal cells” that maintain the
integrity of the portal tract (5, 6). In response to biliary obstruc-
tion, portal (myo)fibroblasts proliferate, upregulate expression
of collagen type I, a-smooth muscle actin (a-SMA), TGF-p1/2,
IL-6, and IL-13, and give rise to myofibroblasts (2, 7-14). Using a
flow cytometry-based method of aPF purification (from bile duct
ligation [BDL]-injured collagen-ol1[I]-GFP reporter mice, which
express GFP under the control of the Collal promoter) (4), we
demonstrated that myofibroblasts derived from aPFs (referred
to herein as aPFs/myofibroblasts) are a major source of collagen
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Cholestatic liver fibrosis is caused by obstruction of the biliary tract and is associated with early activation of portal
fibroblasts (PFs) that express Thy-1, fibulin 2, and the recently identified marker mesothelin (MSLN). Here, we have
demonstrated that activated PFs (aPFs) and myofibroblasts play a critical role in the pathogenesis of liver fibrosis
induced by bile duct ligation (BDL). Conditional ablation of MSLN* aPFs in BDL-injured mice attenuated liver fibrosis by
approximately 50%. Similar results were observed in MSLN-deficient mice (Ms/n~- mice) or mice deficient in the MSLN
ligand mucin 16 (Muc76~- mice). In vitro analysis revealed that MSLN regulates TGF-B1-inducible activation of WT PFs by
disrupting the formation of an inhibitory Thy-1-TGFPRI complex. MSLN also facilitated the FGF-mediated proliferation

of WT aPFs. Therapeutic administration of anti-MSLN-blocking Abs attenuated BDL-induced fibrosis in WT mice. Liver
specimens from patients with cholestatic liver fibrosis had increased numbers of MSLN* aPFs/myofibroblasts, suggesting

type I-producing cells in early cholestatic liver injury, contrib-
uting more than 70% of the myofibroblasts by day 5 after BDL.
The relative contribution of aPFs/myofibroblasts decreases with
progressive injury, as HSCs become activated and contribute to
the myofibroblast population (17 and 20 days after BDL). aPFs/
myofibroblasts express high levels of collagen type I, serve as a
significant source of TGF-B2, secrete IL-13 and IL-6 (4, 6), and
facilitate the ductular reaction (cholestasis-induced proliferation
of bile ducts) (7). aPFs are activated by taurocholic acid and IL-25,
but unlike activated HSCs (aHSCs), are unresponsive to PDGF
(4). aPFs can be distinguished from aHSCs by expression of Thy-1,
fibulin 2, elastin, and the ecto-ATPase nucleoside triphosphate
diphosphohydrolase 2 (NTPD2) and by their lack of aHSC markers
(retinoid, desmin, glial fibrillary acidic protein [GFAP], p75NGFR)
(15-18). Gene expression profiling of freshly isolated aPFs/myofi-
broblasts has identified several novel markers of aPFs, including
mesothelin (MSLN) and mucin 16 (MUC16) (4).

MSLN (19), a membrane-anchored glycosylphosphatidyl ino-
sitol-linked (GPI-linked) 71-kDa membrane protein (MSLN pre-
cursor), is a mesothelial cell marker that is proteolitically cleaved
to generate mature MSLN (40 kDa) and megakaryocyte-potenti-
ating factor (MPF) (30 kDa) (20). Both molecules appear to be bio-
logically active, although their exact function remains unknown.
MSLN is expressed in several human malignancies, including
mesotheliomas and ovarian cancer. Studies of patients with ovar-
ian cancer have identified the cancer antigen CA125 as an MSLN
ligand (20-23), which is widely used as a diagnostic marker (with
the exception of pregnancy and liver cirrhosis, which are consid-
ered false-positives) (24). Since high expression of MSLN is linked
to increased tumor proliferation and invasion, MSLN is a novel
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Figure 1. Deletion of Msin attenuates the development of cholestatic liver fibrosis in mice. (A-C) Eight-week-old male WT and Ms/n~- mice (C57BL/6,
n =10/group, n = 3 independent experiments) underwent sham or BDL operation (for 5 days or 17 days) or treatment with CCl, (1.5 mo, n = 7/group).
Deletion of Ms/n in mice attenuated BDL-induced (for 5 days) liver fibrosis by approximately 50%. (A) Livers were stained with Picrosirius red, and (B) the
positively stained area was quantified as a percentage using Image]. (B) Liver function was estimated according to serum ALT and ALP levels (1U/1). (C)
mRNA expression of fibrogenic (Col7al, a-SMA, Tgfb1), inflammatory (F4/80), and aPF-specific (Ms/n and fibulin 2) genes was determined by gPCR of
total liver tissue. Data indicate the fold induction versus sham-operated WT mice. *P < 0.05 and **P < 0.01, by 2-tailed Student’s t test.

target for anticancer therapy (25-29). In contrast to the embryonic
mesothelium (30), MSLN is minimally expressed in adult humans
and mice (20). MSLN-expressing cells reside in the mesothelial
layer lining of parenchymal organs and serosal cavities (31) in a
dormant state and do not proliferate until injured or stressed. Gen-
eration of Msln®*EX mice enabled lineage tracing at early embryo-
genesis and linked expression of MSLN to fibroblast precursors
(30). Although studies suggested that PFs and HSCs may originate
from the hepatic mesothelium (32), the role of MSLN in the acti-
vation of PFs has not been evaluated. Furthermore, the molecular
mechanisms underlying MSLN signaling in humans and mice are
poorly understood. Msln”~ mice show no obvious abnormalities
under physiological conditions (31). Similar results were obtained
in MUC16-deficient mice (the murine analog of CA125) (33).
Here, we report that ablation of MSLN* aPFs/myofibro-
blasts, deletion of Msin in aPFs/myofibroblasts, or blocking of
MSLN expression with anti-MSLN Abs attenuates BDL-induced

cholestatic fibrosis in mice. Mechanistic studies identified what
we believe to be a novel TGF-p1 pathway, in which interaction of
MSLN with a MUC16-Thy-1-TGFBRI complex regulates TGF-p1-
mediated activation of aPFs/myofibroblasts. Analysis of patients’
liver biopsies revealed that MSLN*Thy-1* aPFs contribute to
cholestatic fibrosis in patients with secondary biliary fibrosis and
biliary atresia (BA), suggesting that MSLN may serve as an attrac-
tive target for antifibrotic therapy.

Results

Msin-KO mice are resistant to BDL-induced cholestatic, but not hep-
atotoxic, liver fibrosis. To test the role of MSLN in the activation of
aPFs/myofibroblasts, WT and Msln”" mice were subjected to BDL
and CCl, injury (Figure 1, A-C). We observed no difference in liver
fibrosis in CCl,-injured WT or Msln”" mice (at 1.5 months, Figure
1B). In concordance with this finding, the aPF markers MSLN and
fibulin 2 were not upregulated in the livers of CCl,-injured mice
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Figure 2. BDL-activated myofibroblast numbers are reduced in Ms/n™/- mice. (A and B) Eight-week-old male WT and Ms/n~/- mice (n = 10/group, n = 3
independent experiments) underwent sham or BDL operation (for 5 days or 17 days) or treatment with cal, (1.5 mo, n = 7/group), and their livers were
analyzed for expression of collagen-a1(1)-GFP in myofibroblasts. (A) Livers were costained with DAPI, Thy-1, and desmin. (B) The area of overlapping
GFP*Thy-1* staining was calculated (bars represent the percentage of positively stained area). The composition of GFP* myofibroblasts (100%) was
determined as a percentage of aPFs (GFP+Thy-1+ red bars) and aHSC-derived (GFP+Thy-1- green bars). The appropriate controls for these images are
provided in Supplemental Figure 1, B-D, refs. 64 and 65, and Supplemental Figure 2. *P < 0.05, by 2-tailed Student’s t test.

(Figure 1C), confirming that aPFs/myofibroblasts do not activate
in response to hepatotoxic liver injury.

In contrast, the development of BDL-induced cholestatic liver
fibrosis was strongly attenuated in Msln”~ mice compared with that
seen in WT mice (Figure 1, A-C). We observed significant down-
regulation of Picrosirius red staining (2-fold) and mRNA expres-
sion of the fibrogenic genes Collal (2-fold), a-SMA (1.7-fold), and
Timp]I (1.7-fold) in the livers of Msln”" mice 5 days after BDL, which
correlated with low levels of serum alanine transaminase (ALT)
and aspartate transaminase (ALP) (vs. levels in WT mice). We also
observed inhibition of liver fibrosis in Msln”" mice on day 17 after
BDL, as shown by decreased Picrosirius red staining (|1.8-fold)
and downregulation of Collal (]1.8-fold), a-SMA (]1.4-fold), and
Timpl (|1.7-fold) mRNA expression, as well as reduced levels of
serum ALP (|2-fold). Our data indicate that MSLN plays a criti-
cal role in the pathogenesis of cholestatic fibrosis, especially at the
onset of BDL. Remarkably, hepatic expression levels of F4/80*
(Figure 1C), Tnfa, and IlIb mRNA (data not shown) were similar in
BDL WT and Msin”" mice, indicating that inflammatory cells were
not affected by MSLN deficiency.

Msin-KO mice are resistant to diethoxycarbonyl dilydrocollidine-
induced cholestatic fibrosis. Similar results were obtained when WT
and Msin”-mice were subjected to another model of cholestatic liv-
er injury induced by 3 weeks of diethoxycarbonyl dihydrocollidine
(DDC) feeding. As expected, hepatic expression of Msln mRNA
was strongly increased in DDC-fed WT mice (7-fold increase vs.

jci.org  Volume127  Number4  April 2017

control diet-fed WT mice) (Supplemental Figure 1A; supplemental
material available online with this article; https://doi.org/10.1172/
JCI88845DS1). We observed significant downregulation of Picro-
sirius red staining (|1.7-fold decrease) and expression of the fibro-
genic genes Collal (|2-fold), a-SMA (|2-fold), and Timpl (|1.7-
fold) in the livers of Msln”~ mice (Supplemental Figure 1A), which
was associated with decreased expression of the aPF-specific gene
fibulin 2. Our data indicate that MSLN critically contributes to the
pathogenesis of cholestatic liver fibrosis of different etiologies.

The number of BDL-activated myofibroblasts was reduced in Msln”
mice. To further assess the role of MSLN in PF/myofibroblast activa-
tion, WT and Msin” mice were crossed with reporter collagen o1(1)-
GFP mice (in which all activated myofibroblasts upregulate collagen
01(I)-GFP expression) and subjected to sham or BDL treatment (5 and
17 days of BDL), Figure 2, A and B, and Supplemental Figure 1, B-D).
Livers were costained with Thy-1 and desmin to visualize aPF- and
aHSC-derived myofibroblasts, respectively (Figure 2A), and the area
of Thy-1*GFP* and Thy-1"GFP" costaining was calculated (Figure 2B).

Although expression of collagen al(I)-GFP was increased
in both WT and Msln”- mice following BDL (5 days of BDL vs.
sham-operated mice), the number of activated GFP* myofi-
broblasts was reduced by nearly 3-fold in BDL-injured Msin”"
mice (1.6% * 0.2% vs. 4.8% * 0.2% in BDL-treated WT mice).
Meanwhile, the composition of GFP* myofibroblasts (consid-
ered 100%) was not significantly changed between WT and
Msin”mice after 5 days of BDL. Thus, WT GFP* myofibroblasts
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Figure 3. Ablation of Msin attenuates development of cholestatic liver fibrosis in mice. (A) Tamoxifen administration (12 x 5 mg/mouse by oral gavage)
irreversibly labeled all MSLN* aPFs by nuclear LacZ (nLacZ) expression in WT Ms/n™Z mice (n = 14) and caused ablation of aPFs in Ms/n°™ littermates
(C57BL/6, 8-week-old male mice, n = 17 from 3 independent experiments). Livers were stained for LacZ (micrographs show gross liver tissue) and (B) ana-
lyzed for LacZ expression (original magnification, x40). (C) Liver sections were immunostained with DAPI for Thy-1and a-SMA expression. The number of
aPFs in sham-operated MsIn™Z and MsIn®™ mice and the efficiency of aPF/myofibroblast ablation in BDL-operated Ms/n®™ mice were calculated in com-
parison with the number of Thy-1'a-SMA*DAPI* cells in livers of BDL-Ms/n™? mice (considered as 100%). Representative micrographs are shown (original
magnification, x20). (D) Livers were stained with Picrosirius red (original magnification, x4). (E) Quantification of Picrosirius red* and Thy-1*a-SMA* areas is
shown as a percentage. Expression of fibrogenic, aPF-specific, and inflammatory gene mRNA was analyzed by gPCR and is shown as a fold induction.

*P < 0.05 and **P < 0.01, by 2-tailed Student’s t test. (See also Supplemental Figure 3.)

were composed of 71% *+ 3% aPFs and 28% + 2% aHSCs, while
MSLN-deficient GFP* myofibroblasts were composed of 61% +
2% aPFs and 38% * 4% aHSCs.

Expression of MSLN has been reported in both aPFs/myofi-
broblasts and hepatic mesothelial cells, identified by expression
of the GPM6A marker (34). Costaining with anti-glycoprotein
M6A (anti-GPM6A) Ab revealed that mesothelial cells contrib-
ute to a small number of collagen al(I)-GFP-positive (Col*)
myofibroblasts residing in the liver capsule of the WT mice sub-

jected to 5 days of BDL injury (Supplemental Figure 2A), while
the majority of Thy-1*Col* myofibroblasts were located in the
portal areas and lacked GPM6A expression (Supplemental Fig-
ure 2B). Since no other cell types in the liver (including HSCs,
cholangiocytes, endothelial cells, hepatocytes, and Kupffer
cells) (Supplemental Figure 2, C and D) were reported to coex-
press collagen a1(I) and MSLN (and Thy-1), the loss of activated
myofibroblasts in BDL-injured Msln”- mice was attributed to the

MSLN deficiency in aPFs/myofibroblasts.

jci.org  Volume127  Number4  April 2017



RESEARCH ARTICLE

The Journal of Clinical Investigation

1258

A Col-GFP mice, BDL (5 days) B Human MSLN/18S
+IgG + Ab1 Msin- *
41 —* =8
B n=5 B
| o 3
2 )
w -
o <
& Z? NS
h_- 1 n=4
£ 11 n=5
& 0 Normal  HCV Obstructive  BA
(U] liver fibrosis  jaundice
e
8 METAVR  FO F2  F2
<
=
73]
]
x 10
Picrosirius red Col-GFP a-SMA Col1at a-SMA
* *k
6 . 4 *x 4 . 1.5 x 1.5 i Col-GFP mice
s 5 : R 2 % 1. % L B +19G, 400 ng/g
o o 3 o 3 - e
8 4 8 " g < 10 < 10 O +Ab1, 200 nglg
@ NS @ @ . 5 a.; Il +Ab1, 400 nglg
g : g 2 02’ 2 E ':_( NS [] +Ab2, 200 na/g
= = = Z 05 Z 05 M Msin Col-GFP mice
o o 1 o1 o o
o o o 1S E
0 0 0 0 0

Figure 4. Therapeutic administration of anti-MSLN Abs reduces cholestatic fibrosis development in mice. (A) Liver fibrosis was reduced in BDL-injured
8-week-old male collagen a1(l)-GFP (Col-GFP) mice (C57BL/6, n = 10/group, n = 2 independent experiments) that were treated with anti-MSLN-blocking Abs
(21i.p. injections; Ab1: 200 or 400 ng/g BW; Ab2: 400 ng/g BW, administered 24 and 48 hours after BDL) compared with IgG-treated (400 ng/g BW) and Msin~/-
mice (n = 3). Micrographs show Picrosirius red, a-SMA, and Col-GFP staining (original magnification, x4 and x10). The positively stained area was calculated

as a percentage. Col1al and a-SMA mRNA expression levels are shown as fold downregulation. *P < 0.05 and **P < 0.01, by ANOVA. (B) Expression of human
MSLN mRNA was analyzed by gPCR in liver specimens from patients with BA (n = 6); secondary biliary fibrosis (METAVIR score of F2, n = 5); and HCV fibrosis
(METAVIR score of F2, n = 5) versus control livers (n = 4). *P < 0.05, by ANOVA. (See also Supplemental Figure 4.)

Ablation of MSLN* aPFs attenuates BDL-induced liver fibrosis.
MSLN was minimally expressed in adult mice but was strongly
upregulated inresponse to BDL (Figure 1C). To gain insight into the
role of MSLN* aPFs/myofibroblasts in the pathogenesis of choles-
tatic liver fibrosis, we generated mice devoid of MSLN* cells. We
assumed that, if MSLN* aPFs significantly contribute to cholestatic
liver fibrosis, then ablation of MSLN* aPFs would attenuate the
development of cholestatic liver fibrosis. To examine this, Ms/nP™
mice (Msin"*Z mice, in which the cassette harboring the reporter
nuclear [n]LacZ and tamoxifen-inducible ER-Cre was knocked
into the Msin gene) were crossed with Rosa26/Stpfox-DTA mjce
(Figure 3A). The resulting MSLN-ablated Ms/n”™ mice and WT
Msinez]ittermates were treated with tamoxifen and then subject-
ed to 5 days of BDL injury. Upon administration of tamoxifen to
MslneZ mice, MSLN* aPFs/myofibroblasts had increased nLacZ*
expression and were scattered throughout the liver parenchyma
of Msin"e? mice (Figure 3B and Supplemental Figure 3A). In turn,
the disappearance of hepatic nLacZ* expression in Ms/n®™ mice was
indicative of successful ablation of MSLN* aPFs/myofibroblasts and
correlated with marked downregulation of the aPF-specific mark-
ers MSLN and fibulin 2 in the livers of Ms/n®™ mice (Figure 3E).
DAPI costaining for overlapping expression of a-SMA and Thy-1

jci.org  Volume127  Number4  April 2017

confirmed that deletion of more than 80% of the Thy-1'0-SMA*
myofibroblasts was achieved in BDL-Ms/nP™ mice (vs. BDL-treated
Msine? mice) (Figure 3C and Supplemental Figure 3B).

We compared the development of cholestatic fibrosis in
MsiInP™ and WT Msin"4 mice 5 days after BDL surgery and found
that ablation of MSLN* aPFs/myofibroblasts attenuated liver
fibrosis by approximately 50%, as demonstrated by the reduced
area of Picrosirius red staining and reduced expression of Collal,
a-SMA, and Timpl mRNA (Figure 3, D and E). We concluded that
MSLN-expressing aPFs/myofibroblasts contribute to cholestatic
liver fibrosis and that therapeutic targeting of MSLN* aPFs/myofi-
broblasts might attenuate BDL-induced fibrosis in mice.

Delayed administration of anti-MSLN Abs inhibits cholestatic
fibrosis in mice. To test whether anti-MSLN-blocking Abs can avert
the development of cholestatic fibrosis, BDL-operated collagen
al(I)-GFP mice were treated with 2 consecutive doses of anti-
MSLN Abs or isotype IgG (24 and 48 hours after BDL) (Figure 4A)
and sacrificed 5 days after BDL surgery. Delayed administration
of Abno. 1 (Abl) (200 ng/g or 400 ng/g BW; Abbiotec; 250519) to
BDL-treated collagen a1(I)-GFP mice inhibited fibrosis and acti-
vation of GFP* myofibroblasts in a dose-dependent manner. Sim-
ilar results were achieved using delayed administration of Ab no.
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Figure 5. Primary MsIn~/- aPFs have a defect in activation and proliferation. (A) Primary GFP* vitamin A~ aPFs were sort purified from the livers of BDL-
injured (5 days) WT and Ms/n~/~ mice (n = 3/isolation, 6 independent experiments), and mRNA expression of lineage-specific genes (Supplemental Figure
5) and activation markers was analyzed by qPCR. (B) Primary WT and Ms/n~- aPFs (10°/well) were assessed in a 12-hour scratch assay. Shown are repre-
sentative bright-field (BF) and fluorescence (Col-GFP) micrographs (original magnification, x10). The scratch area was calculated as a percentage (average
of >3 independent experiments). (C) Ki67 immunostaining of primary WT and Ms/n~/- aPFs within the scratch area. Representative images (original
magnification, x20) are shown. Graph shows the percentage of Ki67* aPFs versus total aPFs (100%) for an average of 3 experiments. *P < 0.05, by 2-tailed
Student’s t test or ANOVA for comparisons between 2 groups or more than 2 groups, respectively.

2 (Ab2) (400 ng/g BW; MBL; D233-3), suggesting that targeting
MSLN may be beneficial for patients with cholestatic liver fibrosis.
In support of this, several classes of anti-MSLN Abs (26, 35) have
been generated and are currently being used in clinical trials.
Expression of human MSLN is upregulated in patients with choles-
tatic liver fibrosis. To gain insight into the role of aPFs in human liver
diseases, the myofibroblast composition was assessed in resected
livers from patients with cholestatic liver fibrosis (BA, n = 6; second-
ary biliary cirrhosis, # = 12; and hepatotoxic HCV, n = 5) using quan-
titative PCR (qPCR) using immunohistochemical analyses (Figure
4B and Supplemental Figure 4). Expression of MSLN mRNA was
upregulated by nearly 3-fold in patients with cholestatic fibrosis (but
not in those with nonfibrotic or HCV-fibrotic livers). Inmunostaining

for MSLN and Thy-1* expression was detected only in fibrotic lesions
of patients with cholestatic fibrosis and overlapped with o-SMA* (but
not desmin®) staining, suggesting that MSLN can serve as a marker of
human aPFs (Supplemental Figure 4) and mouse aPFs (4).

Primary Msiln”~ aPFs/myofibroblasts have a defect in activation
and proliferation. Our findings suggest that genetic and pharmaco-
logical ablation of MSLN*aPFs/myofibroblasts or genetic deletion of
Msin in mice attenuates the development of cholestatic liver fibrosis
(Figures 1 and 4). To investigate the role of MSLN in aPF/myofibro-
blast activation, primary aPFs were sort purified from BDL-injured
(for 5 days) livers of collagen al(I)-GFP WT and collagen a1(I)-GFP
Msln”~ mice and phenotyped (Supplemental Figure 5). In compari-
son with WT aPFs, we found that expression of fibrogenic genes was

jci.org  Volume127  Number4  April 2017

1259



RESEARCH ARTICLE

The Journal of Clinical Investigation

A Immortalized aPFs OwT [ Msin-
Msin Collat a-SMA Thy1 Muci16
1.2 15 — = 25 200 N 6 . .
T N —— a0k . — . T
% 1o * 20 * . 150 *
2 os L0 T - 4
< o I 15| * 100 fs
= U N; M| = *
o 04 0s 1.0 2 ke X 2 *
[ - " — -
0.2 0.5
0 0 0 0
TGFpl —F=-* -+-+ g ] Pk ek k4
5 ng/ml 6 1 6 18 h 6 18 6 18h 6 18 6 18h
Tafbri1 Tgfbr2 Activin
1.5 N—Ns 1.4 * 147 = x 6 * ol
- vz, 1.2 - 1.2 7 = | % N 5 N
2 10 104 37 10 7 N 4
< 0.8 0.8 1 NS R
% 0.6 i 0.6 1
g 05 0.4 0.4 2
02 0.2 A 1
0 0 0 1]
TGF-B1 -+ =+ -4 -+ Rl
5 ng/ml 6h 6 h 18 h 18 6 18h
B WT Msln C WT Msin"  RFL-6-
- 71 CD90.2
TGFp1 0 05 1 2 0 05 1 2 — +IGEB _ TR =202
5 ng/mi IP: 1gG  TGFRR!I TGFRRI 1gG TGFRRI
p-SMAD2 — — o |-
<60 kDa hy-1 | R | .
A [ e g |00 7S Bl w
- - q — = 7 MSLN r 3 _‘
p-SMAD3 | " i 3 R s m <52 kDa — e
SMAD7 - B | <46 kDa
D WT Msln- E WT Msin"
____+TGF-pl__+TGEp1 lp_ﬁﬁ‘ﬁﬁl
IP:lgG  MSLN  MSLN IgG MSLN = =<
—
rersr [ I | <51c» MSLN| e 2100
v N I < -
SMAD7 || - o k0a
F WT aPFs MslIn~- aPFs
TGFp1 .
MUC16 TGFBRI Thy-1 MSLN 016 TGFg1
MSLN M@ TGFBRII
+TGFp1
—_—
Cellular
membrane

1260

Volume 127 Number 4

jci.org

April 2017

COL1A1



The Journal of Clinical Investigation

Figure 6. MsIn™/- aPFs exhibit defective TGF-B1 signaling. (A) Responses
to TGF-B1were compared in immortalized WT and Msin™~ aPFs using
gPCR. P values were determined by ANOVA, **P < 0.01 and *P < 0.05. (B)
TGF-B1-induced phosphorylation of SMAD2/3 was compared in WT and
Msin~- aPFs using Western blotting (representative blots are shown).
(C-E) IPs of cell lysates from WT or Msin- aPFs, with or without TGF-f1,
and of lysates of RFL-6-CD90.2 (lung fibroblast cell line) and LMP (pan-
creatic cancer cell line), which were used as controls for the expression of
Thy-1and MSLN, respectively, with (C) anti-TGFBRI Ab, (D) anti-MSLN Ab,
and (E) anti-MUC16 Ab. Immunoblots are representative of more than 3
independent IPs (see also Supplemental Figure 6). (F) Proposed model

of MSLN regulation of TGF-B1 signaling. In WT aPFs, Thy-1, and MUC16
interact with TGFBRI under steady-state conditions, and MUC16 and Thy-1
bind to MSLN (but not to each other). In TGF-B1-stimulated WT aPFs, both
Thy-1and MUC16 dissociate from the TGFBRI complex, and MSLN-Thy-1
interaction is increased, while MSLN-MUC16 interaction is decreased, sug-
gesting that binding of MSLN to Thy-1enables TGF-f1 signaling. Deletion
of Msin results in overexpression of Thy-1, MUC16, and SMAD7 in Msin-
aPFs, increased formation of the inhibitory Thy-1-TGFBRI complex, and
retention of SMAD7 at the C-terminus of MUC16 TGF(RI receptors.

downregulated in Msin”- aPFs (fold decrease of 2.5 for Collal, 2.5
for Colla2, 2 for a-SMA, and 1.5 for TimpI) (Figure 5A). Expression
of cyclin D was also decreased (2.5-fold), suggesting that Msln”"
aPFs might have a proliferative defect. Furthermore, we performed
a scratch assay to examine the proliferation and migration of WT
and Msin”- aPFs (Figure 5B) and found that, unlike WT PFs, Msin”~
aPFs failed to populate the scratch area within 12 hours and showed
a defect in expression of the proliferation marker Ki67 (Figure 5C).
Our data suggest that MSLN-deficient aPFs/myofibroblasts exhibit
defective activation and proliferation.

Immortalized Msln”~ aPFs exhibit defective TGF-f1 signaling.
Next, we investigated the role of MSLN in the activation of aPFs/
myofibroblasts using immortalized WT and Msin”- aPFs (gener-
ated by introducing SV40 large T antigen). Like primary Msin”~
aPFs, immortalized Msln”~ aPFs had defective TGF-p1 signaling.
Induction of the TGF-p1 target genes Collal, a-SMA, PAI-1, and
activin (Figure 6A) was reduced in TGF-Bl-stimulated Msln7~
aPFs and was associated with impaired phosphorylation of the
SMAD2/3 complex (Figure 6B) as compared with WT aPFs. In
addition, Msln”- aPFs had upregulated expression of Thy-1 (150-
fold), Mucl6 (2.5-fold), and Smad7 (2-fold) mRNA (Figure 6A).
Although previous studies have implicated Thy-1 (36) and SMAD7
(37) in the blockade of TGF-1 responses in tissue fibroblasts (38-
42), the association of MSLN and MUC16 with Thy-1 and SMAD7
and their role in fibrogenesis has not been reported.

Msin is a part of a TGFSRI signaling complex. To explore the
relationship between MSLN (31), Thy-1 (43), SMAD7 (44), and
MUC16 (33), we performed a series of IPs using WT and Msin”~
aPFs, with or without TGF-1 (Figure 6, C-E). IP with anti-TGFBRI
Ab identified Thy-1, MUC16, and TGFBRII proteins as binding
partners of TGFBRI in both WT and Msln”/~ aPFs (Figure 6C).
Interaction between TGFBRI, Thy-1, and MUC16 was reduced in
TGF-Bl-stimulated WT and Msin”- aPFs, while binding of TGFBRI
to TGFRII was increased. In comparison with the WT aPFs, we
observed that formation of a Thy-1-SMAD7-TGFBRI complex was
increased in unstimulated Msln7- aPFs, while TGFBRI-MUC16
binding was reduced and normalized to the amount of precipitat-
ed TGFRI (Figure 6E and Supplemental Figure 6A).

RESEARCH ARTICLE

IP with anti-MSLN Ab (Figure 6D and Supplemental Fig-
ure 6B) revealed that MSLN binds to Thy-1 and MUC16 (but not
to TGFBRI or TGFBRII) in WT aPFs. TGF-B1 stimulation further
increased the formation of an MSLN-Thy-1 complex, while MSLN-
MUCI16 binding declined. As expected, we found that these com-
plexes were absent in Msln”~ aPFs.

Finally, IP with anti-MUC16 Ab (Figure 6E and Supplemen-
tal Figure 6C) confirmed that MUC16 interacts with MSLN and
TGFBRI (but not with Thy-1 or TGFBRII). We found that SMAD7
was also coprecipitated as a part of the MUC16-TGFBRI complex
and that its interaction with MUC16 was decreased in response to
TGF-1. We found that the formation of a MUC16-SMAD7 complex
was increased in unstimulated Msin”~ aPFs, while MUC16-TGFBRI
binding was decreased, and detected no MUC16-MSLN complex.
Taken together, we identified what we believe to be a novel TGF-p1
signaling pathway, in which the activity of the TGFBRI-TGFBRII
complex is regulated via interaction with a Thy-1-MSLN-MUC16-
SMAD7 complex, and in which MSLN and MUCI16 facilitate
TGF-B1responses in aPFs, while Thy-1 and SMAD7 inhibit TGF-p1
responses. Our proposed model of MSLN-dependent regulation of
TGF-p1 signaling in aPFs is depicted in Figure 6F.

BDL-induced liver fibrosis is reduced in Mucl6”~ mice, but exac-
erbated in Thy-17-mice. To further corroborate the findings on the
invivorole of MSLN, MUC16, and Thy-1in cholestatic liver inju-
ry, we compared the development of BDL liver fibrosis in mice
in which individual components of this signaling complex were
knocked out. The role of MUC16-MSLN interaction in choles-
tatic fibrosis was evaluated in vivo in Mucl67~, Mucl67~ Msln™",
and Msln”~ mice. Liver fibrosis induced by 5 days of BDL was
equally attenuated in Mucl67", Mucl67~ Msin”/", and Msin”’~
mice (Figure 7A and Supplemental Figure 7), as shown by the
reduced Picrosirius red-stained area and the downregulation of
Collal, a-SMA, and Timpl mRNA compared with WT mice (Fig-
ure 7B), suggesting that MSLN and MUC16 regulate the same
signaling pathway. Furthermore, inhibition of BDL-induced
fibrosis in Mucl6”/- Msin”/- mice (by 50%) was comparable to
that observed in aPF-ablated Msin®™ mice (Figure 3), indicating
that the MSLN/MUCI16 pathway might be critical for aPF/myo-
fibroblast activation. Therefore, we studied TGF-B1-mediated
activation of PFs in vivo in Msln“Sm*# mice (generated by cross-
ing MsinacZERCre and Smad4"? mice) and in WT MslpnrtacZERCre
mice (Figure 8A). Deletion of Smad4 in MSLN* aPFs attenuated
BDL-induced (5 days) liver fibrosis by approximately 25%, sug-
gesting that MSLN-MUCI16 functions in aPFs are not limited to
regulation of the TGF-p1 signaling pathway. We also examined
the contribution of Thy-1 to PF activation (Figure 8B) and found
that deletion of Thy-1 in aPFs exacerbated cholestatic fibrosis
in Thy-17~ mice by nearly 25% compared with that observed
in WT mice, confirming that Thy-1 inhibits fibrosis. Overall,
deletion of MSLN/MUCI6 signaling inhibits the development
of BDL-induced fibrosis by approximately 50 %, but only about
25% of this phenotype can be attributed to impaired TGF-p1
signaling (as demonstrated by deletion of Smad4 specifically
in MSLN* aPFs) and linked to the MSLN-MUC16-Thy-1 com-
plex (since an increase of approximately 25% in liver fibrosis
was detected in BDL-injured Thy-17" mice). We concluded that
MSLN/MUC16 pathway functions are not limited to regulation
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Figure 7. MSLN/MUC16 signaling regulates activation of aPFs/myofibroblasts in BDL-injured mice. (A) Liver fibrosis was compared in 8-week-old male
BDL-operated (for 5 days) Msin- mice (n = 10), Muc16™- mice (n = 10), MsIn”- Muc16™- mice (n = 9), and WT littermates (n = 5) (see also Supplemental Fig-
ure 7). Micrographs show Picrosirius red staining (original magnification, x4). (B) Data indicate the percentage of positively stained area. mMRNA expression
of fibrogenic, inflammatory, and aPF-specific genes was quantified by gPCR, and the data indicate the fold induction versus sham-operated WT mice.

*P < 0.05, by 2-tailed Student’s t test.

of TGF-p1 signaling in aPFs and that the MSLN-MUC16 com-
plex might further facilitate cholestatic fibrosis (by an addition-
al 25%, approximately) through the mediation of other import-
ant signaling pathways in aPFs. In the next set of experiments,
we investigated the role of the MSLN/MUCI16 signaling path-
way in aPF proliferation.

Msln”~ aPFs exhibit defective FGF-induced proliferation. FGF
was identified as an important factor that drives the prolifera-
tion of aPFs. Primary cultured WT aPFs had a growth advantage
over Msln”- aPFs (Figure 5, B and C). In an attempt to further
characterize MSLN-MUCI16 functions, we examined the pro-
liferation and responses to FGF using immortalized WT and
Msin”- aPFs and found that cyclin D mRNA expression was sup-
pressed by 4.5-fold in FGF-stimulated Msin”- aPFs and correlat-
ed with the downregulation of Mmp9 mRNA (Figure 9A). When
we examined the components of the FGF signaling pathway,
we found that JAK2 expression was increased by up to 4-fold,
while phosphorylation of JAK2-STAT3 was reduced (|2-fold)
in FGF-stimulated Msln”- aPFs (Figure 9B). Most strikingly, we
observed that phosphorylation of AKT was strongly reduced
(by 5-fold) in FGF-stimulated Ms/n”- aPFs (Figure 9C). A novel
mechanism for terminating RTK signaling and reducing recep-
tor abundance has been described and showed that, in AKT-
impaired cells, RTK expression and trafficking are defective,
resulting in prolonged signaling and increased activation of
ERK1/2 (45). In accordance with previously published reports,
we detected an 11-fold increase in ERK1/2 phosphorylation in
FGF-stimulated Msin”/- aPFs (Figure 9B) that was associated
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with reduced degradation of FGF receptor 1 (FGFR1) follow-
ing FGF signaling (Figure 9C). Next, we performed IPs with
anti-FGFR1 Ab and anti-MSLN Ab to determine the relation-
ship between MSLN and FGFRI, but did not identify MSLN-
MUC16 as binding partners of the FGFR1 complex (Figure 9D),
suggesting that MSLN directly regulates AKT rather than the
FGF signaling pathway.

Activation of JAK2-STAT3 and ERKI/2 regulates the prolifer-
ation of aPFs. We further investigated the molecular mechanism
of FGF-mediated aPF proliferation (Figure 10 and Supplemental
Figure 8). As expected, we found that pretreatment with an inhib-
itor of FGFR1 completely blocked (100%, vs. DMSO) cyclin D
mRNA expression in FGF-induced WT aPFs (Supplemental Fig-
ure 8). Cyclin D expression (Supplemental Figure 8) and STAT3
phosphorylation (Figure 10A) were also suppressed by inhibitors
of AKT and JAK2, but most effectively (>80%) by AZD1480, an
inhibitor of JAK2 and ERK (Figure 10B). In agreement with these
results, the proliferation and migration of WT and Msin”~ aPFs
to the scratch area were completely blocked by AZD1480 (Fig-
ure 10C) and associated with complete inhibition of ERK1/2 and
STAT3 phosphorylation (Figure 10, B and C). Our proposed model
of MSLN-MUCI16-dependent regulation of FGF signaling in aPFs
is depicted in Figure 10D.

Reconstitution of MSLN rescues the phenotype in Msin”~ cells.
To confirm these findings, we transfected Msin” aPFs with a
pCMV-MSLN construct (Figure 11A and Supplemental Figure
9A). We observed that reexpression of MSLN restored basal and
FGF-dependent proliferation in Msln®o"n g PFs, as shown by the
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Figure 8. Liver fibrosis is exacerbated in BDL-injured Thy-1/- mice. (A) Liver fibrosis was compared in 8-week-old male BDL-injured Ms/n4s™¢ mice and
WT Msin™e |ittermates (n = 9/group). (B) Liver fibrosis was compared in 8-week-old male BDL-operated (for 5 days) WT and Thy-17- littermates (C57BL/6,
n = 8/group). (A and B) Micrographs show Picrosirius red staining (original magnification, x4). Data indicate the percentage of positively stained area.
Expression of fibrogenic, inflammatory, and aPF-specific genes was quantified by gPCR, and the data indicate the fold induction versus sham-operated

WT mice. **P < 0.01and *P < 0.05, by 2-tailed Student’s t test.

upregulation of cyclin D mRNA (Figure 11B) and the increased
numbers of cells populating the scratch area (Figure 11C and
Supplemental Figure 9B), both of which could be also blocked by
AZD1480 (Supplemental Figure 9C). We found that reexpression
of MSLN also restored Collal and Mucl6 in MslnXo**s" aPFs  but
had no effect on the expression levels of Thy-I, which remained
elevated, as observed in Msin”~ aPFs (Figure 11A).

Inhibition of Thy-1 restores TGF-pl-induced responses in Msln”"
cells. To test whether suppression of Thy-1 can restore the respon-
siveness of Msln”- aPFs to TGF-B1, we transfected Msln”- aPFs with
Thy-1 siRNA or control siRNA (Figure 12A). Inhibition of Thy-1
restored phosphorylation of SMAD2 (Figure 9D) and the expres-
sion of Collal in TGF-B1-stimulated Msin*=™"1 aPFs, but had no

effect on cyclin D (Figure 12, A and B) or ERK1/2 (Supplemental
Figure 10), suggesting that the regulatory function of Thy-1 is
restricted to TGF-1 signaling.

Overexpression of AKT restores Msln”~ cell proliferation. Further-
more, to test whether restoration of AKT phosphorylation can rein-
state the proliferation of Msin- aPFs, we infected Msin”- aPFs with
constitutively activated (CA) AKT (AAV-CA-AKT) or with a control
adenoviral construct expressing GFP (AAV-GFP). We found that
expression of cyclin D and cyclin E (Figure 13A) and FGF-induced
degradation of FGFR1 were restored in MslpK0-A4V-CA4AKT aPFs to
the levels observed in WT aPFs (Figure 13B). The changes in JAK2
and its phosphorylation observed in MSLN-deficient aPFs were
restored to normal levels in Mslnk044V-CA4KT gPFs (Figure 13B and
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Figure 9. MsIn~/- aPFs exhibit a defect in FGF signaling. (A) Responses to FGF (2 ng/ml) were compared in immortalized WT and Ms/n~- aPFs using gPCR.
*P < 0.05, by ANOVA. Expression of JAK2, STAT3, ERK1/2 (B) and AKT and FGFR1 (C) was analyzed in FGF-stimulated immortalized WT and Ms/n~- aPFs
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were probed for expression of MUC16, MSLN, and FGFR1. Representative immunoblots of more than 3 independent IPs are shown.

Supplemental Figure 11A), while activation of ERK1/2 remained
unchanged (Supplemental Figure 11B). Furthermore, we found
that TGF-pl-mediated phosphorylation of SMAD2 was not rescued
in MslpKo-A4v-CA-4KT 9 PFs (Supplemental Figure 11C), suggesting that
activation of AKT does not affect TGF-B1signaling pathway in aPFs.

Discussion

We demonstrate here that aPFs mediate hepatic fibrosis at the
onset of cholestatic injury and that ablation of MSLN* aPFs in mice
decreases BDL-induced (5 days) liver fibrosis by approximately
50%. This study links MSLN/MUCI6 signaling to the pathogen-
esis of cholestatic fibrosis and shows that deletion of MSLN and/
or MUCI16 in mice reduces cholestatic liver fibrosis by nearly 50%.
We determined that MSLN facilitates both TGF-f1-induced acti-
vation of aPFs and FGF-induced proliferation of aPFs. We detect-
ed a similar upregulation of MSLN* aPFs in patients with biliary
fibrosis of different etiologies. Our data demonstrate that thera-
peutic administration of MSLN-blocking Abs attenuates BDL-
induced liver fibrosis in mice, suggesting that MSLN could serve
as a target for antifibrotic therapy.

MSLN (19) is highly expressed during embryonic develop-
ment (17, 32) but is downregulated in adulthood (20). However,
Msin”~ and Mucl67~ mice do not have developmental abnormali-
ties (31, 33). In turn, human MSLN and CA125 (the human coun-
terpart of MUC16) is highly upregulated in several malignancies
such as ovarian cancer, hepatocellular carcinoma, and mesothe-
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lioma (26), and both MSLN and CA125 became targets for anti-
cancer therapy. Here, we demonstrate that expression of MSLN
is not restricted to tumorigenesis, but is strongly induced in aPFs
in response to cholestatic liver injury (Figure 1 and Supplemental
Figure 1A). In support of this, Ms/n-KO mice developed a defect in
the activation of cancer-associated myofibroblasts that resulted in
reduced tumorigenesis (25-29).

Despite extensive studies of human cancer cells, the func-
tional properties of the MSLN/MUCI16 signaling pathway
remain poorly understood. MUC16 was identified as an MSLN
ligand, and MSLN/MUCI16 signaling was linked to AKT and
ERK1/2 activation and was implicated in the metastatic growth
and dissemination of cancer cells (46-49). Like other GPI-an-
chored proteins, MSLN requires MUC16 and/or utilizes other
receptors for intracellular signaling. Our studies of immortal-
ized aPFs show that Ms/n”- aPFs exhibit impaired proliferation
and responses to FGF and that these defects are associated with
defective AKT phosphorylation (Figure 9C). However, co-IP
experiments did not detect MSLN-MUCI6 as a part of the FGE/
FGFRI signaling complex. A novel mechanism of AKT activa-
tion has been identified that implicates AKT in the regulation
of RTK trafficking and degradation (45). Accordingly, cells
deficient in AKT activation fail to properly express EGFR and
PDGFR, but as a compensatory mechanism, strongly upregulate
ERK1/2 phosphorylation. We observed a similar phenotype in
Msin”~ aPFs (Figure 9B). The loss of AKT activation was asso-
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Figure 10. Regulation of FGF signaling pathways in WT aPFs. (A) Immortalized WT and Msin~/- aPFs (10°/well) were pretreated for 20 minutes with
DMSO, inhibitor-JAK2 (i-JAK2) (TG-101348, 1 uM), or inhibitor-AKT (i-AKT) (0.5 uM), or with (B) AZD1480 (1 uM) or U0126 (5 uM) and then stimulated with or
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or AZD1480 (1 uM) and subjected to a 12-hour scratch assay. Proliferation and migration of WT and Msin~- aPFs were blocked by AZD1480. Representative
fluorescent (Col-GFP) images of more than 3 independent experiments are shown (original magnification, x10). (D) Proposed model of MSLN regulation of
FGF signaling. Binding of FGF to FGFR1 results in activation of the JAK2/STAT3 signaling pathway, upregulation of cyclin D, and proliferation of WT aPFs.
Subsequently, phosphorylation (p) of AKT is required for the degradation of FGFR1in WT aPFs. In turn, Msin~- aPFs exhibit a defect in AKT phosphoryla-
tion, which results in compensatory phosphorylation of ERK1/2 and a failure to properly express and degrade FGFR1. In addition, FGF-inducible activation
of JAK2 and STAT3 is impaired in Msin”- aPFs, and basal proliferation of Ms/n™/~ aPFs is mediated by ERK1/2-dependent phosphorylation of STAT3. Overall,
the MSLN/MUC16/AKT pathway is a key regulator of cholestasis-induced proliferation of WT aPFs/myofibroblasts. The loss of AKT activation is associat-
ed with an inability of Ms/n~- aPFs to mount FGF-mediated responses (see also Supplemental Figure 8).

residual proliferative capability of Msin”~ aPFs (via phosphoryla-
tion of STAT3). Although the exact mechanism by which MSLN-

ciated with an inability of Msln”- aPFs to mount FGF-mediated
responses. Because of reduced phosphorylation of JAK2 (despite

upregulation of JAK2 expression), we observed that FGF-depen-
dent activation of STAT3 was also impaired in Msin”~ aPFs. In
turn, we observed that basal and FGF-induced ERK1/2 activa-
tion was highly increased in Msin”~ aPFs and was driving the

MUCI16 activates AKT remains unknown, our data indicate that
the MSLN/MUC16/AKT pathway is a key regulator of cholesta-
sis-induced proliferation of aPFs/myofibroblasts, but does not

affect the fibrogenic properties of aPFs.
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Figure 11. MSLN/MUC16 signaling regulates Thy-1/TGFBRI and AKT/FGFR1 pathways in aPFs. (A-C) Ms/n cDNA was cloned into a pCMV-Tag3A expression
vector and transfected into Msin- (MsInko+¥si") aPFs, MSLN-Myc fusion protein expression in Ms/n™- aPFs was detected by qPCR (immunostaining with
anti-Myc Ab is shown in Supplemental Figure 9A). (A) Expression of Msin, Collal, Muc16, Thy-1, and (B) cyclin D mRNA was analyzed in Ms/n*0*¥sin 3pFs,

(C) WT, Msinko+¥sin and Msin~/- aPFs were replated 72 hours after transfection (104/well) and subjected to a scratch assay (see Supplemental Figure 9, B
and C). The scratch area was calculated as a percentage and represents the average of more than 3 experiments. *P < 0.05, by ANOVA.

Msin”/~ aPFs exhibit defective TGF-B1 signaling manifested
by reduced expression of profibrogenic genes and TGF-f1 tar-
get genes (Figure 6A). Here, we demonstrate the involvement of
MSLN in the TGF-1 signaling pathway and propose a mechanism
in which the MSLN-MUCI16 complex interacts with the TGFBRI
receptor and facilitates TGF-B1 signaling in WT aPFs via disrup-
tion of TGFPBRI binding to its inhibitory receptor Thy-1 (Figure 6,
C and D). This enables TGFBRI-TGFBRII interaction, phosphory-
lation and nuclear translocation of SMAD2/3/4, and transcription
of target genes. In turn, deletion of Msln in Msln”~ aPFs resulted in
overexpression of Thy-1 (>150-fold vs. WT levels), which binds to
TGFBRI and prevents TGF-B1 signaling. Consistently, inhibition
of Thy-1 partially restored TGF-f1 signaling in Msin”~ aPFs, but
had no effect on ERK1/2 activation.

Like MSLN, Thy-1 is a GPI-anchored protein (50) that is
expressed in fibroblasts, T cells, and neurons and is considered a
specific marker for these cell types. Thy-1 was implicated in the
inhibition of TGF-B1 responses in tissue fibroblasts via interaction
with av-B5 integrins (38-42). While Thy-1 functions are not well
characterized, deletion of Thy-1 in mice was shown to exacerbate
bleomycin-induced lung fibrosis (36). Our data suggest that Thy-1
blocks TGFPBRI and that formation of the MSLN-Thy-1 complex
enables TGF-B1 signaling. In accordance with this, downregulation
of Thy-1 expression restored TGF-f1 signaling in Msln”- mice, and

jci.org  Volume127  Number4  April 2017

deletion of Thy-1in mice aggravated the development of cholestat-
ic liver fibrosis. We identified TGFBRI as a binding partner of Thy-1
and MUCI16 as a binding partner of MSLN. Since knocking out
MSLN and MUCI6 receptors together or separately yielded sim-
ilar phenotypes in BDL-injured mice (Figure 7), we propose that
the MSLN-MUC16 complex regulates the same signaling pathway
in tissue fibroblasts and, therefore, can serve as a unique target for
antifibrotic therapy in patients with cholestatic fibrosis.

Overall, our proposed model (summarized in Figure 6F and
Figure 10D) suggests that the MSLN/MUCI16 signaling pathway
facilitates cholestatic fibrosis in mice via regulation of TGF-B1-
mediated activation and FGF-induced proliferation of aPFs. In
response to TGF-B1 signaling, MSLN disrupts the Thy-1-TGFBRI
inhibitory complex and enables binding of TGF-p1 to its cognate
receptor, phosphorylation and nuclear translocation of SMAD2/3,
and transcription of the TGF-B1 target genes PAII and activin.
MSLN and Thy-1 differentially regulate TGF-B1 signaling in aPFs,
and MSLN serves as a functional repressor of Thy-1. This rep-
resents, to our knowledge, a novel level of regulation of TGF-f1
signaling that may have broad implications for tissue homeostasis,
remodeling, and fibrosis in multiple organs. Furthermore, our data
suggest that the MSLN-MUC16 complex regulates FGF-dependent
proliferation of aPFs, although indirectly, via activation of AKT,
which regulates the trafficking and degradation of FGFR1 (45).
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Figure 12. Thy-1regulates TGF-B1 pathways in aPFs. (A and B)
Msin- aPFs were transfected with control (Ctrl) or Thy-1(nos. 1and
4) siRNAs. (A) Expression of Thy-1, Colla1, and cyclin D mRNA.

Thy-1 I1at lin D1
J: Colla Cye (B) Expression and phosphorylation of SMAD2, Thy-1, and B-actin
1.0 —* 167 + 1.2 * were evaluated by immunoblotting (see also Supplemental Figure
* 1.4 = 10 —_ 10). *P < 0.05 and **P < 0.01, by ANOVA. Representative immuno-
- 0.8 1.2 ’ blots from more that 3 independent experiment are shown.
206 1.0 08
< 0.8 0.6
£ 04 0.6 0.4 . . .
0.2 2x 0.4 ’ ers associated with the self-renewal capability of adult
’ i 0.2 0.2 mesenchymal cells. Remarkably, expression of the same
0 0 0 . . . ]
N P 2 I S e r.narke.rs was de.tected in aPFs (2,.4, 6.). C.hven. the.h1gh Pro
SiRNA Ctl  #1  #4 SiRNA Ctrl Ctl #1  #4 liferative capacity of aPFs emerging in fibrosing liver with-

aPFs: [[] WT#ossAna

B WTSAN Mg <ossiNe pMglOrsThy-

+ TGF-p1

+ TGF-fi1 + TGF-f1, 30 min

<60 kDa
SMAD2 | R SEES S% S S o <60 kDa
B-Actin -2 kDa

In support of these findings, a role for MSLN and CA125 (human
analog of murine MUCI16) in the regulation of AKT phosphoryla-
tion has been suggested in human cancer cells and was associated
with increased proliferation and metastatic dissemination of can-
cer cells (49). CA125 release has been documented in patients with
various malignancies and now serves as a standard marker in the
diagnosis of ovarian cancer in patients (51). The role of MSLN and
MUCI6 in patients with liver fibrosis has not been evaluated. How-
ever, elevated serum levels of MSLN and CA125 were observed
clinically in patients with liver fibrosis, and these levels were con-
sidered nonsignificant (52). Here we provide, for the first time to
our knowledge, evidence that expression of MSLN is upregulated
in the livers of patients with cholestatic fibrosis (Figure 4B) and
that MSLN might play a role in the pathogenesis of BA and primary
sclerosing cholangitis and possibly serve as a target for antifibrotic
therapy. Further investigations are required to evaluate the role of
MSLN and MUCI16 in patients with cholestatic fibrosis.

Although the origin of aPFs during development has been
identified in embryonic mesenchyme (32), which is also rich in
MSLN expression (31, 53), the source of proliferating aPFs in
the adult injured murine liver remains unclear. In response to
cholestatic liver injury, adult aPFs may result from endogenous
PF activation (similar to that seen in fibrotic heart) (54), may
originate from hepatic mesothelium (55), or may derive from
dormant mesenchymal progenitors (53), which were recently
identified and implicated in smooth muscle cell and fibroblast
replenishment. The presence of mesenchymal progenitors was
also reported in other parenchymal organs (56-58). Indepen-
dent studies suggested that cardiac, hepatic, and lung fibro-
blasts arise from mesenchymal progenitors expressing Thy-1
(59), gremlin 1 (60), MSLN (53), CD9 (61), and CD105 (59)
(and/or others), which are newly recognized progenitor mark-

. MslnHo+siRna . MslpHCsihy-1

in days after BDL, we can speculate that aPFs might derive
from hepatic mesothelial progenitors. Heterogeneity of
the aPF/myofibroblast population cannot be excluded,
and upregulation of appropriate markers in aPFs may vary,
depending on the duration of BDL, the stage of activation/
differentiation, and the localization within the hepatic
lobule. In support of this, expression of MSLN, Thy-1, and
fibulin 2 is induced in aPFs throughout BDL injury (Fig-
ure 1). And in agreement with previous findings (34), we
observed that mesothelial cells, identified by expression
of the GPM6A marker, also contributed to a small popu-
lation of Col* myofibroblasts residing in the liver capsule
of WT mice that had undergone 5 days of BDL injury (Sup-
plemental Figure 2), while the majority of myofibroblasts were
composed of Thy-1"Col* aPFs/myofibroblasts, located in the
portal areas, and desmin*Col* aHSCs/myofibroblasts, located
in the acinus. Concordant with our previous findings, aPFs/
myofibroblasts contributed to 60% to 70% of hepatic myofi-
broblasts after BDL-induced (5 days) liver fibrosis (4).

Methods

Patient specimens. Archived liver specimens were obtained from 16
patients with liver cirrhosis (HCV, n = 5 [METAVIR score of F2];
obstructive jaundice, n = 5 (F2); BA, n = 6) and from 3 patients who
were undergoing liver resection for reasons unrelated to liver fibrosis
(normal liver) at the Kyoto University Hospital (2010 to 2013).

Mice and liver injury. Eight-week-old collagen o1(I)-GFP mice
(62), Msin”/~ mice (31), Msln"e#ERCre mice (53), Mucl6”~ mice (33),
Thy-17/- mice (50), Rosa26/"=SorexP™8 mice (The Jackson Laboratory;
009669), Smad”" mice (The Jackson Laboratory; 017462), and WT
littermates on a C57BL/6 background were maintained under spe-
cific pathogen-free conditions at UCSD and had ad libitum access to
normal chow and water. Liver injury was induced in mice by ligation
of the common bile duct (for 5 days and 17 days), or by oral gavage
with CCl4 carbon tetrachloride CCl, (1:4 dilution in corn oil, 60 pl x
14 injections) (4). An additional model of cholestatic liver fibrosis was
induced in WT and Msln”- mice fed a diethoxycarbonyl dihydrocol-
lidine (DDC) diet (AD5001; Custom Animal Diets) or a control diet
(AD3012; Custom Animal Diets) for 3 weeks.

Serum ALT and ALP measurements. Serum ALT and ALP measure-
ments were analyzed using Infinity ALT (Thermo Fisher Scientific ), a
QuantiChrom ALP Assay Kit (BioAssay Systems), and a VALIDATE
calibration verification kit (Maine Standards Company LLC).

Histology. Formalin-fixed, paraffin-embedded human or mouse
livers were stained with Picrosirius red (analyzed by a pathologist)
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(4). Human livers were immunostained with anti-human o-SMA
(Dako; MO0851); anti-human desmin (Thermo Fisher Scientif-
ic; PA5-16705); anti-human MSLN (Sigma-Aldrich; HPA017172);
and anti-human Thy-1 (Abcam; ab92574) Abs. Mouse livers were
stained with anti-mouse a-SMA (Abcam: ab5694); anti-mouse
desmin (Thermo Fisher Scientific: RB-9014-P0); and anti-mouse
F4/80 (eBioscience: 14-4801-82) Abs, followed by staining with
DAB (Vector Laboratories) or with secondary Alexa Fluor 594-
conjugated Abs. LacZ staining was performed in freshly isolated
mouse livers (Sigma-Aldrich; GALS1KT). Images were taken using
an Olympus microscope, and positive areas were calculated using
Image] software (NIH) (see Supplemental Methods).

Cell culture. The RFL-6 CD90.2 cell line (rat lung Thy-1* fibro-
blasts, gift of James S. Hagood, (UCSD, La Jolla, California, USA)
and LMP cell line (murine pancreatic MSLN* and MUC16* cancer,
gift of Andrew M. Lowy, (UCSD, La Jolla, California, USA) were
used for IP experiments. Reconstitution of MSLN was achieved in
Msln”- aPFs by transfection of pCMV-Tag3A-N-Myc-MSLN. Thy-1
knockdown was achieved in Msin7- aPFs with Thy-1 siRNA (QIA-
GEN), transfected using a FlexiTube GeneSolution (GS21838). CA
AKT was overexpressed in Msin”- aPFs infected with adenovirus
AAV-CA-AKT expressing an amino-terminal myristylation signal
(AdmyrAkt) (63), compared with control AAV-GFP (see Supple-
mental Methods).

qPCR. Total RNA was isolated from livers or isolated aPFs using
RNeasy columns (QIAGEN) (4). Expression levels of selected genes
were calculated after normalization to the standard housekeeping
gene HPRT (Invitrogen, Thermo Fisher Scientific) using the AACt
method. The data represent relative mRNA levels compared with con-
trol levels (mean + SEM, P < 0.05).

IP and Western blot analysis. IPs from the precleared whole-cell
lysates were performed at 4°C overnight using 2 pg anti-MSLN Ab
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Figure 13. MSLN/MUC16/AKT signaling regulates FGF-dependent
proliferation of aPFs. (A and B) Ms/n~- aPFs were infected with CA AKT
(MsInko-AAv-cA-AKT gPFs), (A) Expression of cyclin D and cyclin E was detected
by gPCR. (B) Phosphorylation of JAK2 was restored in Ms/nk0-AA4-tA-AKT apFg
and was normalized to JAK2 protein expression levels (see also Supple-
mental Figure 11). Data shown is representative of more that 3 indepen-
dent experiments.

(IBL; catalog 28127), anti-TGFBRI Ab (Abcam; catalog aB31013), or
anti-MUC16 Ab (Abicode; catalog R2334-3) and analyzed by Western
blotting (see Supplemental Methods).

Statistics. All data represent the mean * SEM. Comparisons
of 2 groups were analyzed using an unpaired, 2-tailed Student’s
t test. Comparisons of 3 or more groups were analyzed using ANO-
VA. ANOVA with a Dunnett’s test was used for comparing multiple
groups of mice or treatments with controls. ANOVA with a Bonfer-
roni’s test was used when making multiple pair-wise comparisons
between different groups. A P value of less than 0.05 was considered
statistically significant. Analyses were performed using GraphPad
Prism (Prism 5 version 5.03; GraphPad Software).

Study approval. All mice were maintained under specific patho-
gen-free conditions at UCSD according to UCSD IACUC protocol
S07088. For human subjects, written informed consent was obtained
from each patient in accordance with the ethics guidelines for epide-
miological research in Japan (E2077 protocol, approved by the Ethics
Committee of Kyoto University Graduate School of Medicine).
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