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Abstract

Liver fibrosis is an aberrant wound healing response to tissue injury characterized by excessive extracellular matrix deposi-
tion and loss of normal liver architecture. Hepatic stellate cells (HSCs) activation is regards to be the major process in liver
fibrogenesis which is dynamic and reversible. Both Hippo signaling core factor Yap and Hedgehog (Hh) signaling promote
HSCs transdifferentiation thereby regulating the repair process of liver injury. However, the molecular function of YAP and
the regulation between Yap and Hh during fibrogenesis remain uncertain. In this study, the essential roles of Yap in liver fibro-
sis were investigated. Yap was detected to be increased in liver fibrotic tissue by the thioacetamide (TAA)-induced zebrafish
embryonic and adult models. Inhibition of Yap by both embryonic morpholino interference and adult’s inhibitor treatment
was proved to alleviate TAA-induced liver lesions by and histology and gene expression examination. Transcriptomic
analysis and gene expression detection showed that Yap and Hh signaling pathway have a cross talking upon TAA-induced
liver fibrosis. In addition, TAA induction promoted the nuclear colocalization of YAP and Hh signaling factor GLI2«. This
study demonstrates that Yap and Hh play synergistic protective roles in liver fibrotic response and provides new theoretical
insight concerning the mechanisms of fibrosis progression.
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Introduction

Liver fibrosis is the response to an aberrant wound heal-
ing process characterized by excessive extracellular matrix
(ECM) deposition and loss of normal liver architecture
(Rockey et al. 2015). Chronic liver injuries including non-
alcoholic steatohepatitis (NASH), hepatitis virus infection,
obesity/metabolic syndrome and biliary dysfunction are
the most common causes of liver fibrosis (Ballestri et al.
2016). Progressive liver fibrosis increases the gradual for-
mation of pathological scar tissue and ultimately, leads
to end-stage liver disease, cirrhosis, hepatocellular carci-
noma (HCC) and organ failure (Brunt 2010). Over the past
decades, many studies believed that effective etiological
treatment may reverse liver fibrosis and even early cirrho-
sis, not only in experimental models of liver fibrosis, but
also in humans (Ellis and Mann 2012). Therefore, liver
fibrosis represents a key prognostic diagnostic determinant
of chronic liver diseases for clinical outcomes (Ellis and
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Mann 2012). However, the current understanding of the
pathogenesis of liver fibrosis is still incomplete.

Upon chronic liver damage, hepatic stellate cells (HSCs)
are perpetually activated and converted into proliferative,
migratory and fibrogenic myofibroblasts (Ballestri et al.
2016). Accumulation of myofibroblasts takes important
roles in progressive fibrosis, defective repair and ultimately,
cirrhosis (Du et al. 2018). Myofibroblastic HSCs cause up-
regulation of a-smooth muscle actin (x-SMA) and Desmin,
and secretion of ECM such as types I collagen (Collal),
thereby resulting in matrix deposition and scar formation
(Wells and Schwabe 2015). Myofibroblast differentiation
has been recognized to be initiated by many pro-fibrogenic
growth factors and cytokines. For example, transforming
growth factor-p1 (Tgf-p1) and platelet-derived growth factor
(Pdgf) are the key fibrogenic initiated mediators which medi-
ates the HSCs fibroblast differentiation (Kisseleva and Bren-
ner 2008). Profound understanding of the cellular source
of activated myofibroblasts in the fibrotic liver is essential
for the development of antifibrotic therapies. However, the
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molecular contribution of the extracellular matrix in pro-
motion of HSC activation remains uncertain and so far, no
effective targeted therapies have been applied in the early
reversible stage of liver fibrosis.

Early activation of HSC is largely driven by mecha-
nosignaling of the extracellular microenvironment, which
mediates expression of fibrillary collagens and a-SMA,
leading to ECM stiffening and setting up a mechanosensi-
tive positive feedback loop of pathological self-activation
(Lodyga and Hinz 2020). Several pleiotropic cytokines such
as TGF-p have provided important insight into this process
(Lodyga and Hinz 2020). Recently, TGF-f has been impli-
cated in activation of the Yes-associated protein (YAP) and
Hedgehog-related fibrogenic genes expression in HSCs
(Bruschi et al. 2020). YAP, as the core downstream effector
of Hippo signaling pathway, mainly regulates the proper size
of organs and plays a role in the progression and develop-
ment of various liver diseases in cell proliferation, apoptosis,
invasion and migration (Liu et al. 2019; Yu et al. 2021; Jin
et al. 2021). Studies showed that the up-regulation of YAP
promotes the proliferation of liver cancer cells, while the
reduction of YAP effectively alleviates the entire process
of HSC activation and liver fibrosis (Fang et al. 2018; Lee
et al. 2019). Significantly, reduction of YAP expression has
the possibility to revert the HSCs activation and impede liver
fibrosis progression (Alsamman et al. 2020; Zhubanchali-
yev et al. 2016). As known, YAP activity is regulated by
phosphorylation, which causes YAP inactivation (Yu et al.
2019). Under physiological conditions, the Hippo pathway is
activated and YAP is phosphorylated and thus retained in the
cytoplasm (Halder and Johnson 2011). When in pathological
conditions, the Hippo pathway is inactivated, non-phospho-
rylated YAP as the hyperactivation form translocates into
the cell nucleus to activate downstream genes expressions,
such as amphiregulin (Areg), connective tissue growth factor
(Ctgf) ankyrin repeat domain 1 (Ankrdl), and affects cell
biological functions (Mannaerts et al. 2015). Some stud-
ies found that in early HSC activation, Yap responses to
mechanical stimulation and undergoes nuclear localization,
subsequently controls waves of fibrogenic gene expression
and promotes fibrogenesis (Mannaerts et al. 2015). How-
ever, in liver ischemia—reperfusion injury, study showed that
YAP activation suppressed synthesis of ECM and dimin-
ished HSC activation, whereas YAP inhibition significantly
delayed hepatic repair and enhanced liver fibrosis (Liu et al.
2019). The mechanistic regulation of YAP to hepatic fibro-
sis progression remains uncertain and even puzzled, which
needs to be further investigated.

Growing evidence has identified diverse fibrogenic
“driver pathways” that are the proximal mediators of the
MF transition (Seki and Schwabe 2015). Among which, Yap
signaling and Hedgehog (Hh), as the key morphogenic sign-
aling pathways, take important roles in HSC activation and

maintenance of myofibroblastic traits (Du et al. 2018). Hh
signaling pathway, initially confirmed in Drosophila mela-
nogaster, has been proved to be activated in liver injury and
regulate liver regeneration and repair (Yan et al. 2020; Shen
et al. 2017). A large amount of research evidence indicates
that the Hh signaling pathway is involved in immune-medi-
ated events that regulate fibrogenesis (Kumar et al. 2019;
Wang et al. 2018).

Studies have shown that the Hh signaling pathway can
activate Yap to promote the Hippo pathway, thereby regulat-
ing the repair process of liver injury (Yan et al. 2020; Swid-
erska-Syn et al. 2016; Oh et al. 2018). Actually, both Hh
and Yap activity are negligible and confined to small sub-
populations of stromal cells in healthy adult liver in which
most HSCs are quiescent (Du et al. 2018). Upon damage
stimulation, Hh pathway and Yap activities are dramatically
activated in both HSC and hepatocytes (Swiderska-Syn et al.
2016). Moreover, the HSC transdifferenciation and sustain
of the status require activation of both Hh pathway and Yap
simultaneously (Yu et al. 2019; Choi et al. 2009). Disrup-
tion of Hh or prevention of Yap is sufficient to prevent HSCs
activation despite ongoing exposure to fibrogenic induction
(Swiderska-Syn et al. 2016). Furthermore, Hh signaling
drives HSCs transdifferentiation by activating Yap, whereas
inhibition of Hh signaling blocked the Yap activation (Du
et al. 2018; Swiderska-Syn et al. 2016). Knockdown of Yap
inhibited both Yap- and Hh-regulated genes associated with
HSCs activation in cultured HSCs (Du et al. 2018; Swider-
ska-Syn et al. 2016). Inordinate activation of either the Hh
signaling or Yap can lead to defective repair that promotes
the process of liver fibrosis, cirrhosis and even cancer (Swid-
erska-Syn et al. 2016; Nguyen et al. 2015). The mechanisms
that coordinate the activities of Hh signaling and Yap activ-
ity during liver fibrosis remains to be further clarified. Bear-
ing this in mind, our research aims to investigate the role of
Yap and interactions between Yap and Hh signaling pathway
during the process of fibrotic liver injury.

Materials and methods
Zebrafish husbandry

Zebrafish husbandry was according to the compliance with
Institutional Animal Care and Use Committee (IACUC)
guidelines of Nanjing Tech University for laboratory ani-
mal use. Adult wild-type zebrafish Tiibingen (TU) line were
provided by Model Animal Research Center of Nanjing Uni-
versity (Nanjing, China). Fish were maintained in closed
flow-through system with ventilated circulating water under
the standardized conditions of temperature (28 +0.5 °C), pH
(7.0+1.0), and in a 14-h light/10-h dark rotation as reported
(Zhao et al. 2020). Fishes were fed twice to three times daily

@ Springer



1338

Y.Zhao et al.

with live brine. Fish spawning was implemented artificially
by the onset of light stimulation, with the male—female ratio
of 1:2 for mating. In the process of breeding, abnormally
fertilized embryos were removed in time. After 3 days devel-
opment, normally fertilized embryos were fed paramecium
culture and AP100 (Shanghai FishBio Co., Ltd, China) daily.
Adult zebrafish were randomly used without sex bias. Three-
months old fish were used and at least three individual sam-
ples were collected for all assays.

Morpholinos and microinjection

Morpholino (MO) antisense oligonucleotides of Yap as MO
(Yap) (5'-CTCTTCTTTCTATCCAACAGAAACC3'), and
control as MO (Ctrl) (5'-CCTCTTACCTCAGTTACAATT
TATA-3") were obtained from Gene Tools, LLC (USA) as
described (Hu et al. 2013). One to two-cell stage wildtype
zebrafish embryos were microinjected with MOs (5 ng/
embryo) using a pressure microinjector (IM-300 Narishige,
Japan).

Zebrafish intraperitoneal injection

Adult zebrafish fish underwent fasting for 24 h were placed
in the experimental tank with fish facility water, and ice
chips were slowly added into the container to bring the water
temperature down to 12 °C. The surgical plane of anesthe-
sia was approached when fish stop swimming and gasping,
and the operculum movements were slowdown (Kinkel et al.
2010). After anesthetized, zebrafish were gently moved to
the sponge trough and injection was implemented into the
abdominal cavity, posterior to the pelvic girdle. After injec-
tion, fish were immediately transferred back to warm water
with the temperature about 28.5 °C for recovery. 35G bev-
eled steel needle and a 10 pl NanoFil microsyringe (Shang-
hai Gaoge Co., Ltd, China) were applied in experiments.

Chemical allocation and administration

In zebrafish embryo experiments, MO (Yap) (5 ng/nl) and
MO (Ctrl) (5 ng/nl) were injected at the one to two-cell
stage of embryos with 1 nl per embryo (Hu et al. 2013).
After 72 h post fertilization (hpf), half of the two groups
were cultured with 0.025% thioacetamide (TAA, Shang-
hai Saen Chemical Technology Co. Ltd. China) for 3 days
(Amali et al. 2006a; Rekha et al. 2008), and the other half
were kept in culture water. In the adult fish experiments,
fish were randomly divided into six groups with 30 fish in
each group. Control group (shown as Ctrl): zebrafish were
injected with equal volume of saline; TAA group (shown as
TAA): each fish was intraperitoneally injected with TAA
(300 mg/kg body weight) which induces fibrosis in zebrafish
liver (Hammes et al. 2012; Chuang et al. 2016); Verteporfin
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(VP, Sigma, USA) group (shown as VP): VP was diluted to
different concentrations using dimethyl sulfoxide (DMSO).
Zebrafish were injected with VP (10 mg/kg bodyweight)
intraperitoneally; VP +TAA group (shown as VP +TAA):
each zebrafish was intraperitoneally injected with TAA
(300 mg/kg bodyweight) and VP (10 mg/kg body weight)
(Lin et al. 2020); Cyclopamine (CYC, Aladdin, Shanghai,
China) group (shown as CYC): zebrafish was injected with
CYC (5 mg/kg bodyweight) intraperitoneally (Reimer et al.
2009); CYC+TAA group (shown as CYC +TAA): each
zebrafish was injected CYC (5 mg/kg bodyweight) and
TAA (300 mg/kg bodyweight) (Zhang et al. 2017; Li et al.
2015) intraperitoneally. The chemicals were administered by
intraperitoneal injections three times per week for 4 weeks
(Chuang et al. 2016).

Liver function test

Alanine aminotransferase (ALT) activity assay kit
(MAKO52, Sigma-Aldrich) was applied to evaluate the liver
function of zebrafish. After exposure, adult zebrafish blood
was collected using a heparinized glass capillary needle
from the region of dorsal aorta. Ten blood samples were
pooled as one replicate (about 10 pl). Plasma was obtained
as clear supernatant by centrifugation at 1000g for 10 min
using a refrigerated centrifuge and stored at — 80 °C. Plasma
ALT was measured following the manufacturer’s protocol.
There were three replicates for each group.

Reverse transcription-polymerase chain reaction
(RT-PCR) and quantitative RT-PCR

Total RNA was isolated and purified using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA) from random pooled ten
zebrafish larvae or ten livers dissected from adult fish and
purified using the RNease Mini Kit (Qiagen, USA), accord-
ing to the instructions. Total RNA concentrations were
quantified with a nucleic acid and protein spectrophotom-
eter (Nano-300, Aosheng Instrument Co., Ltd., Hangzhou,
China). RNA integrity was determined by electrophoretic
analysis of 28S and 18S rRNA subunits with clearly ribo-
somal RNA bands brightness ratio of approximately 2:1.
Complimentary DNA was synthesized using the SuperScript
II cDNA Synthesis Kit (Invitrogen, USA) from 5 pg of total
RNA. DNA was quantified and OD260/280 was calculated
for estimation of the purity by spectrophotometric analysis.
The ratio of 0D260/0D280 from 1.8 to 2.0 were chosen for
the next steps. Power SYBR Green Master Mix (Applied
Biosystems, Thermo Fisher Scientific, USA) was used for
real-time quantitative reverse transcription polymerase
chain reaction (QRT-PCR) analysis. Primers were designed
using PRIMER 5 software and purchased from GenScript,
China and melting curves were performed to verify primer
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specificity (Table 1). The glyceraldehyde-3-phosphate
dehydrogenase (Gapdh) mRNA was used as a control for
calibration of gene expression levels between different
samples (Gao et al. 2015). All reactions were triplicated.
Log?2 fold changes were calculated between samples and
control by the —AACT method. The log2 fold changes in
target gene relative to reference gene Gapdh were calculated
following this formula: log2 fold changes=— AACT =—[(
Clrarger = Clgapan) t€8t — (Clpypge = Clgapan) control]. The Ct
(cycle threshold) values were defined as the number of PCR
amplification cycles at which the fluorencenct signals were
detected (Livak and Schmittgen 2001). Two-tailed hetero-
scedastic t test was performed using normalized Ct values
(Ctryrges = Clgapan) and p <0.05 was considered to be signifi-
cant. Conventional PCR was applied as for primer specificity
verification and semi-quantitative validation.

Western-blot analysis

Protein samples of zebrafish embryos were lysed in Radio
Immunoprecipitation Assay (RIPA) buffer and separated in
the 12% SDS—polyacrylamide gel electrophoresis (PAGE).
The blots were then transferred to a nitrocellulose mem-
brane (Bio-Rad, USA). The membranes were incubated with
YAPI1 (Proteintech, USA) at 1:1000 or GAPDH (Proteintech,
USA) at 1:5000 dilutions in TBS containing 1% skim milk;
the blots were then incubated with secondary antibodies,
HRP-conjugated goat anti-mouse IgGs (Zhongshanjingiao

Table 1 Primers sequences

Co. China) at 1:2000. The experiments were repeated three
times with different samples.

RNA transcriptomic analysis

Total RNA was isolated and RNA quality was checked by
Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto,
CA, USA). RNA sequencing was carried on after library
construction by next-generation Illumina HiSeq 2000 by Bei-
jing Genome Institute (BGI, Shenzhen, China). Raw reads
obtained were filtered to remove the adaptor sequences and
low complexity sequences and empty reads. The sequence
reads were mapped to the zebrafish reference sequence
database (Danio rerio, UCSC version danRer7, 2010) using
TopHat2.0 (http://ccb.jhu.edu/software/tophat/index.shtml)
(Lam et al. 2006). Differentially expressed genes (DEGs)
between samples was determined by p <0.05 and absolute
fold changes (FCs) > 2 using DESeq2 as described (Huo
et al. 2019a).

Then DEGs were analyzed by the Database for Anno-
tation, Visualization and Integration Discovery (DAVID)
Functional Annotation (https://david.ncifcrf.gov/home.
jsp) to obtain Gene ontology (GO) annotations. Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway
analyses were performed using KEGG pathway data-
base (http://www.kegg.jp/kegg/pathway.html). Gene set
enrichment analysis (GSEA) was performed to analyze
the molecular pathway enrichment of candidate gene by
GSEA 3.0 according to published methods (Huo et al.

Gene Gene ID Forward sequence Reverse sequence

Gapdh 317743 CCAACTGCCTGGCTCCTT CCCATCAACGGTCTTCTGTG

Ankrdl 564159 GCAGACCCAAATGCATGTGATA ATGAAGAGCAGTGCTGCGAA

Ctgf 321449 AATGGTGTACCGCAGTGGAG GGGACCGTATGTCTCCTCCT

Areg 101884611 AAGGAGACGAGCAGAACCAC AGCGCTCACCATCATAACCT

Yap 561411 GAACCCGAAAAACACCATCGTCCCC GACTGGCGGAGGTGCTGAGGTGGGG
Taz 321965 GGTGGGCTCATACAGTTACCTTTGG GAGGCAGCAGGTGTCCATCTCATCT
Tgf-p1 21803 GTCCGAGATGAAGCGCAGTA GGAGACAAAGCGAGTTCCCA

Pdgf 386856 ACAAGGCCACCATAAGGAGC GATCCACCTGACTTCGTGGG

Smad2 30639 CATGTCATCTACTGCCGCCT TCTGTGTGTCTTGGCACGAG

Snaill 30273 GCTTCCAGCAGTCAGCAATG GTCTGACGTCCGTCCTTCAT

Desmin 108267036 GAGGAGGCAAATGAGTGAGATGGAG TTGGAGTGGACTTCAGATGAGCGTT
Vimentin 140599 TTCGCCAGTTACATAGACAAAGTGC AGACGAGCCAGAGAGGCGTTATCAA
a-SMA 322509 CTCTGTTGACAGAAGCCCCA GGCCAAGTCCAAACGCATAA

Shh 30269 CGGTTGCTGCGAAATCTGGGGGCTG GCGTCGTGGAGTCTCGGTCTGTGAA
Ptchl 30189 GGCAGCTAATCTGGAGACGG AGCGCCTCTACGGTCAAAAT

Hhip 326102 GAGGAGATGGATGGTCTGAGTGATT GGATTGTTTCTGGGTATGGAGTAGG
Smo 30225 GGTTGAGAAATGCTCCTCGCTGTTG CCCCTCTCCCGCTCCACAATACTGC
Glil 352930 ACTGGAATGTCCTGCCCTCCGAACG GAGCGTCTGCTGGACAGGTATGGCG
Gli2a 30154 ACAAGGCTTTTTCCAACGCTTCAGA ACGTTTTGTGCAACCTGGGATCTTA
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2019b). The terms of gene expression values of the control
and Yap knockdown groups were deemed as statistically
significant when the statistical significance of enrichment
score was estimated by p < 0.05. Hippo signaling gene sets
were obtained from the Molecular Signatures Database
(MSigDB) v6.1.

Histopathological analysis

Zebrafish were euthanized after anesthesia with 0.1 mg/ml
Tricaine (Sigma-Aldrich) and fixed with 4% paraformalde-
hyde (PFA) in phosphate-buffered saline (Sigma-Aldrich)
and paraffin-embedded. The fish liver was cut into five-
micrometer thickness sections by microtome. Hematoxylin
and eosin (H&E) staining (H-3404, Vector labs, USA), Sir-
ius Red Staining (24901, Polyscience, USA), Nile red (7385-
67-3, Macklin, China) staining and Masson’s trichrome
(GP1032, Servicebio, China) staining were performed fol-
lowing standard protocols. Histopathological changes were
determined based on the previous study (Henderson et al.
2018); Nile red labeled the neutral lipid properties with red
fluorescence was observed under an emission maximum of
about 638 nm; Liver fibrosis histological sections stained
with Sirius red and Masson’s trichrome were evaluated with
digital images produced using the Image J software (devel-
oped by National Institutes of Health) as described (Zhao
et al. 2016). At least three sections from each treatment
group were microphotographed by inverted microscope
(Nikon ECLIPSE Ts2, Japan).

Immunohistochemistry and immunofluorescence
assay

Zebrafish were fixed in 4% PFA, embedded in paraffin and
sectioned at five-micrometer thickness. For immunohisto-
chemistry staining, the tissues were blocked with 3% nor-
mal non immune serum, and antigens were detected using
primary antibodies Gli2a (GTX128280, GeneTex, USA),
a-SMA (E20-53365, Enogene, China) and YAP1 (13584-
1-AP, Proteintech, USA) in conjunction with an HRP/DAB
(ABC) detection kit (ab64264, Abcam, USA) following
manufacturer’s protocols. For immunofluorescence detec-
tion, FITC-conjugated secondary goat anti-mouse antibod-
ies (Vector Laboratories, USA) and the Cy3-conjugated
anti-rabbit secondary antibody (1: 250; Dianova, Hamburg,
Germany) were applied and the cell nuclei were stained with
DAPI (4, 6-diamidino-2-phenylindole, 300 ng/ml, Sigma).
Sections were observed under aforementioned fluores-
cent microscope at 543 nm for CY3, 488 nm for FITC and
360 nm for DAPI, respectively. Quantifications of immuno-
fluorescence assays were performed using Image J.
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Statistical analysis

All experiments were repeated at least three times indepen-
dently. Statistical analysis was performed using GraphPad
Prism 6 (GraphPad Software, San Diego, California, USA).
The difference of two groups was confirmed by Student’s
t-test and the difference of multiple groups was defined
through a one-way analysis of variance (ANOVA) with
Tukey’s honestly significant difference test (Tukey’s HSD)
at a significance level of 0.05. All data are presented as mean
values + standard deviation (SD).

Results

Knockdown of Yap gene alleviates TAA-induced
embryonic liver lesions

Previous studies have demonstrated that Yap plays pivotal
roles in various liver diseases such as hepatocellular carci-
noma, non-alcoholic fatty liver and liver regeneration after
partial hepatectomy, etc. (Johnson 2019). Although widely
expressed in liver and other digestive organs in zebrafish
embryos, Yap knockout did not display visible defects dur-
ing embryogenesis (Yi et al. 2018). The roles of Yap in
embryonic liver development are unclear so far. Here, to
investigate the function of Yap in embryonic liver develop-
ment in zebrafish, Yap morpholino oligos (MO), MO (Yap)
and control morpholino oligos, MO (Ctrl) were individually
microinjected into embryos at the one- to two-cell stage, in
which MO (Yap) can complementarily bind to the initial
sequence of Yap mRNA and inhibit the translation of YAP
protein. The results from both mRNA and protein detec-
tion showed the MO (Yap) microinjection blocked Yap
expression (Fig. 1A, B), consistent with the previous study
(Jiang et al. 2009). Additionally, the loss of Yap expres-
sion exhibits the embryonic deformities, such as pericardial
edema, smaller and incomplete eyes, notochord deformities,
shortened body trunk, tail and yolk extension, etc. (Fig. 1C).
At 72 h post fertilization (hpf), the malformation rate of
Yap knockdown group was 18.76%. No mortality has been
detected at 72 hpf (data not shown).

Liver function was further investigated by Nile red and
H&E staining. TAA with the concentration of 0.025% from
72 hpf to 7 days post fertilization (dpf) was used to induce
liver fibrosis and steatohepatitis in zebrafish embryos (Amali
et al. 2006; Helm et al. 2018). In Fig. 1D and E, the Nile
red staining results showed that the liver size was remark-
ably increased after TAA treatment. The liver size was
decreased in knockdown of Yap in TAA group compared to
the non-knockdown control. Moreover, the red fluorescence
intensity in the liver was significantly enhanced in TAA
treatment group as compared to control (Fig. 1D, F). Yap
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Fig. 1 Analysis of morphant phenotype and TAA-induced embryonic
liver lesions caused by Yap knockdown. A Validation of Yap knock-
down by RT-PCR and Western blot analysis. Total RNA and proteins
were extracted from 24 hpf zebrafish embryos in MO (Yap) and MO
(Ctrl) (n=10). B Validation of Yap knockdown by qPCR. C Mor-
phant observation of 48 and 72 hpf embryos injected with MO (Yap)
(5 ng/embryo), MO (Ctrl) (5 ng/embryo), and non-injected normal

knockdown did not cause statistical changes by fluorescence
quantification. Interestingly, compared with TAA-induced
liver fibrosis group, Yap knockdown after TAA treatment
caused a significantly decrease of red fluorescence inten-
sity in the liver, which reveals that inhibition of Yap may
have a potential effect in alleviation of TAA-induced liver
defect in hepatomegaly and neutral lipid deposition. In H&E
staining (Fig. 1G), livers were indicated by the blue arrows.

MO (Yap)

7, i el

embryos. D Nile red-stained sections of embryos with the treatment
of 0.025% TAA from 72 hpf to 7 dpf. E Qualifications of liver size
in each group, n=5. F Qualifications of Nile red staining by rela-
tive red intensity by ImageJ (n=5). Data are shown as means + SEM.
*p <0.05. G Histological evaluations of zebrafish liver by hematoxy-
lin and eosin (H&E) with the treatment of 0.025% TAA from 72 hpf
to 7 dpf

The vehicle control showed that normal liver tissue pre-
sents normal tight junctions, a clear polygonal shape, with
complete and prominent cytoplasm and nucleus (Fig. 1Ga).
However, in the TAA-treatment group with MO (Ctrl) injec-
tion, the zebrafish embryonic liver appeared dissociated and
irregular cell shape, loosen cell-to-cell contact, with various
levels of tiny and large vacuoles inside. To be more, mac-
rovesicular steatosis was easy to be identified (as indicated
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by the red arrow). The contours of liver parenchymal cells
are destroyed, and some part showed nuclear shrinkage (as
indicated by the yellow arrow), nuclear lysis (as indicated by
the green arrow), and focal necrosis (as indicated by the red
circle) characteristics. (Fig. 1Gb). In the MO (Yap) injection
group, the liver showed no obvious difference with vehicle
group, with normal cell structure and tight cell contacts,
and the liver was filled with well-delineated polygonal cells
with well-preserved cytoplasm and clear nucleus (Fig. 1Gc).
Compared with the MO (Ctrl) group treated with TAA, the
liver of the MO (Yap) group treated with TAA showed a
rescue effect on TAA induced liver damage (Fig. 1Gd). The
loosely arranged liver parenchymal cells was ameliorated,
and most of large vacuoles inside cells disappeared. The
liver parenchymal cells with well-preserved cytoplasm
and clear nucleus increased and no obvious degeneration
(edema) and steatosis or necrosis can be observed. There-
fore, embryonic gene knockdown of Yap alleviates TAA-
induced embryonic liver lesions.

Transcriptome profiling of Yap knockdown
reveals its essential functions in embryonic liver
development

To identify potential molecular function of Yap during
embryonic liver development, RNAs isolated from these
MO (Yap) and MO (Ctrl) with three biological replicates
were sequenced and transcript expression was comparatively
analyzed mapping to the zebrafish RefSeq database. A total
of 1596 differentially expressed genes (DEGs) were identi-
fied differential expression in MO (Yap) compared with MO
(Ctrl), including 1244 down- and 352 up-regulated DEGs
(log2FCl > 1, Q value £0.001). By hierarchical clustering
based on DEG expression patterns, as shown in Fig. 2A, the
Yap knockdown samples MO (Yap) were clustered as similar
relationship and well separated from all control samples MO
(Ctrl), suggesting that there were substantial changes caused
by Yap knockdown. Volcano maps of expression distribu-
tion of these DEGs are displayed according to their fold
change, of which the top 10 down-regulated DEGs were
labeled (Fig. 2B).

To predict the molecular function of Yap, DEGs were
subjected to KEGG pathway analysis to identify the associ-
ated pathways and molecular interactions. Items with cor-
rected p values less than 0.05 were considered to be sig-
nificant or enriched. The KEGG gene set biological process
database (c2. KEGG. v4.0) from the Molecular Signatures
Database was used for enrichment analysis. As shown in
green dashed circle of Fig. 2C, the top five enriched KEGG
pathways associated with the downregulated mRNA tran-
scripts are focal adhesion, TNF signaling pathway, extra-
cellular matrix receptor interaction, regulation of actin
cytoskeleton and IL-17 signaling pathway, all of which are
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highly related with HSCs activation, liver fibrosis progres-
sion and hepatocellular carcinoma (Ma et al. 2020; Villesen
et al. 2020). For the enriched KEGG pathway of upregulated
DEGs, most of which are related with cell metabolism, such
as fat digestion, glycolysis, protein digestion and absorption,
etc. The results indicated that Yap knockdown downregu-
lated the signaling pathways concentrated on liver fibrotic
injuries.

To gain more detailed functional insights into the molecu-
lar function related with Yap knockdown, GO analysis was
conducted to perform an unbiased annotation of the func-
tions of these downregulated 1244 DEGs including three
functional clusters: biological process (BP), molecular
function (MF) and cellular component (CC). Among the
downregulated DEGs in the Yap knockdown group, the
cluster of biological processes were found to be mainly
relative to integrin-mediated signaling pathway, cell adhe-
sion, cell matrix adhesion, cell adhesion mediated by inte-
grin, which are closely associate with HSC activation and
liver fibrosis (green dashed circle in Fig. 2D). In addition,
platelet aggregation, neutrophil migration and inflamma-
tion response related processes are also downregulated in
MO (Yap) compared with controls. Meanwhile, GO analysis
showed that in the molecular function, these downregulated
DEGs were mainly related to collagen binding in cell-matrix
adhesion, integrin binding, tumor necrosis factor activated
receptor activity (Fig. 2Db). With regard to molecular func-
tions, these genes were mainly enriched in integrin complex,
exocellular region, extracellular matrix and focal adhesion
(Fig. 2Dc). Collectively, the results of GO annotation indi-
cated the similar results as KEGG analysis, both of which
implied that Yap knockdown may take potential roles in liver
fibrotic injury.

Yap knockdown is correlated with Hh signaling
based on GSEA analysis

GSEA has been designed to investigate the coordinated dif-
ferences in gene expression from predefined sets of function-
ally related genes to identify pathways that are significantly
changed (Subramanian et al. 2005). To further investigate
the possible pathways coordinately down-regulated by
knockdown of Yap, the transcriptomic data were com-
pared by GSEA. In the analysis, GSEA firstly generated an
ordered list of all genes according to their correlation with
Yap knockdown and then a predefined gene set (signature of
gene expression upon perturbation of certain cancer-related
gene) receives an enrichment score (ES), which is a meas-
ure of statistical evidence rejecting the null hypothesis that
its members are randomly distributed in the ordered list.
Among all the 195 predefined KEGG pathway gene sets,
the Hippo signaling pathway (Enrichment plot: 04390)
were identified as having a significant association with Yap
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Fig.2 Global transcriptomic analysis and knockdown of Yap medi-
ated signatures in zebrafish embryos. A Hierarchical clustering of
RNA-Seq data shows global gene expression changes between the
MO (Ctrl) and MO (Yap). High and low expression levels of genes
are represented by red and blue. Gene expression (TPM) is log2-
transformed and median-centered across genes. B Groups at mRNA
level are shown in volcano plots of log2 (fold change) versus —log10
(p value). Red dots indicate up-regulated DEGs, the green dots indi-
cate down-regulated DEGs, and blue dots represent non-DEGs. The

expression in the liver function (Fig. 3A). In addition, we
also explored the canonical pathways that are enriched by
analysis of the predefined gene set using KEGG. Hedgehog
(Hh) signal, Wnt signaling pathway, TGF-p signaling path-
way, etc. were identified among the top enriched canonical
pathways in crosstalk with hippo pathway upon Yap knock-
down (Fig. 3B). Interestingly, these results suggested that Hh

top ten down-regulated transcripts, ranked by their distance to the
base point are marked. C KEGG enrichment analysis of DEGs. Top
20 KEGG pathways among the down-regulated (a) or (b) up-regu-
lated DEGs were presented in bar charts. D GO analysis of downreg-
ulated DEGs mediated by Yap knockdown. Top 20 GO in the three
categories: biological process (a), molecular function (b) and cellular
component (c) of significantly down-regulated DEGs were presented
in bar charts

signaling pathway has a crosstalk with Yap downregulation
during embryogenesis.

Furthermore, to explore the dynamic range of gene
expression of Hh and its correlation with Yap knockdown
under normal development and embryonic liver injury,
qPCR was performed. The effector of the Hippo pathway
TAZ (transcriptional coactivator with PDZ-binding motif),
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Fig.3 Gene set enrichment analysis (GSEA) was performed using
the Molecular Signatures Database. A Downregulated genes com-
pared from MO (Yap) to MO (Ctrl) as signatures were enrichment by
GSEA. B An enrichment of predefined genes within Hippo pathway

liver fibrosis-related expression factors Desmin, Vimentin
and Integrin, and Hh signaling molecules Glil (GLI family
zinc finger 1), signaling molecules sonic hedgehog (Shh)
and G protein-coupled receptor Smoothened (Smo) were
selected to detect the expression levels. Results in Fig. 3C
showed that TAA induction significantly increased the
expression of Taz, Desmin and Integrin, and Hh signal-
ing factors Glil. And the knockdown of Yap significantly
inhibited the expression Taz, integrin and Hh signal-
ing factors Glil and Smo, which implied an interaction
between and Hh signaling. MO (Yap) has a reversal effect
on the increase of liver fibrosis-related factors Desmin,
Integrin induced by TAA, as well as a reversal effect on
the increase of Hh signal factor Glil and Smo after TAA
induction. However, no significant changes were detected
in Hh signal molecules Shh. The results were validated by
conversional PCR (Fig. 3D).
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by GSEA were analyzed by KEGG. Top 20 KEGG pathways among
were showed. C Quantitative PCR for mRNA expression. Values are
expressed as means+SD. *p < (.05 for treatment groups versus con-
trol. D Conventional PCR was as the validation

Yap knockdown has an inhibitory effect
on TAA-induced liver changes in adult zebrafish

The transcriptomic analysis revealed that Yap knockdown
is associated with liver fibrotic injury and has a crosstalk
with Hh signaling. To further validate the role of Yap knock-
down and the correlation with Hh in liver injury, we induced
liver fibrosis in adult zebrafish using TAA, and examined the
effects of Yap inhibitor VP and Hh inhibitor CYC by histol-
ogy and gene expression. The experimental flow chart for
chemical treatments and time points of sampling is shown
in Fig. 4A. Randomly selected adult zebrafish (3 months
old) were abdominal injected with control (0.9% saline,
5 ul), TAA (300 mg/kg body weight), VP (10 mg/kg body
weight), CYC (5 mg/kg body weight), or the mixture of TAA
and VP, TAA and CYC with the same dosage, respectively.
High ALT level is considered to be an important sign of
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liver damage. Zebrafish plasma ALT levels at 28 days after
treatment were tested in triplicate (n= 10 per replicate).
Results indicated a remarkable increasing of ALT level
in TAA treated groups compared to the untreated control
group (Fig. 4B). Notably, VP was able to reverse the ALT
elevation significantly, indicating that VP relieved liver
injury caused by TAA. Moreover, liver tissue of zebrafish
at 28 days after treatment were collected with five replicates.
In Fig. 4Ca—f, histological examinations for samples stained
with H&E under the magnification of 40X showed that VP-
and CYC-treated livers, and TAA + VP livers appeared to be
homogeneous, as well as the control fish. TAA-treated and
TAA + CYC showed apparent degree of histopathological
heterogeneity of liver parenchyma. At a higher magnifica-
tion of 400X, the livers parenchyma from TAA-treated and
the TAA + CYC groups appeared to be loosen in cell contact
and the polygonal cell structure collapsed, accompanied by
nuclear dissolution and the formation of large vacuoles and
scar-like structures, which revealed steatosis and fibrosis in
these groups (Fig. 4Ca, c, d and e). However, the groups
of VP-, TAA + VP and CYC-treated livers exhibited well-
delineated polygonal cells with tight contacts and complete
nucleus, as almost the same as normal control (Fig. 4Ca’—f").
Quantitative analysis of H&E was performed based on the
measurement of necrotic area in livers (Fig. 4Cs). Results
suggested that VP had an inhibitory effect on TAA-induced
liver lesions.

To analyze the collagen deposition in the adult liver, Sir-
ius-red staining was performed. Results showed that TAA-
induced liver exhibited characteristic fibrous connective tis-
sue (Fig. 4Ch). These results revealed the subtle structures of
collagen deposition between the hepatocytes and a possible
onset of fibrogenesis by TAA-induction. Notably, the degree
of deposition of collagen was deceased in VP-treated group
(TAA + VP), compared to TAA-treated fish (Fig. 4Cg-1).
Quantitative percentage of collagen proportionate area
(CPA) was showed in Fig. 4Ct, which suggested that VP
has a potential inhibition effect in TAA-induced fibrosis.
Masson’s trichrome staining results further validated that
TAA-induced zebrafish liver exhibited more collagen fib-
ers compared to control (Fig. 4Cm-r, u). Taken together,
these results revealed collagen deposition and fibrosis in
TAA-treated zebrafish, whereas no fibrosis was observed
TAA + VP and other non-TAA groups.

The next stage, liver fibrosis was assessed through analyz-
ing the expression of markers correlated with collagen depo-
sition, HSCs activation and fibrosis process, including Tgf-
p1, Pdgf, a-SMA, Desmin, Vimentin, Smad?2 and Snail2. As
shown in the expression heat map in Fig. 4Da, in TAA-treat-
ment zebrafish liver, the expression of these molecules was
significantly increased, compared with control. The injection
of VP and CYC into normal adult fish respectively did not
cause significant changes in the factors, while the injection

of VP into TAA-treated zebrafish (TAA + VP) showed that
VP significantly inhibited Tgf-p1, Pdgf, Desmin, Vimentin,
Smad?2 and Snaill. No significant changes were detected
in a-SMA expression. CYC also significantly alleviated the
increased expression of Desmin, Vimentin and Smad?2 in
TAA + CYC group, while the inhibition effect of CYC in
histology was not detected. All of the results were validated
by conventional PCR (Fig. 4Db).

YAP and TAZ proteins are transcriptional coactivators
and downstream effectors of the Hippo pathway. When
Yap/Taz is activated in cell, dephosphorylated Yap will be
translocated into the nucleus further active the downstream
Ankrdl, Ctgf and Areg, etc. Here, the expression of Yap
target factors was also assessed to evaluated the effect of
Yap inhibition in TAA-induced liver injury. It was showed
that after induction of TAA, the expression of Yap, Taz and
its downstream factors were significantly upregulated. VP
injection remarkably inhibited the expression of Yap, Taz
and the downstream factors Ankrd1, Ctgf and Areg, which
confirmed the targeted inhibitory effect of VP (Fig. 4Dc).
In the experimental group of TAA + VP, the expression of
Yap, Taz and the downstream set of factors also decreased,
compared with individual TAA administration group, with
consistence with histology results. Interestingly, CYC also
presented suppression activity on expression of Yap and the
associated gene set. PCR validation was shown in Fig. 4Dd.
Generally, these results implied that Yap knockdown has
an inhibitory effect on TAA-induced liver changes in adult
zebrafish, which might be related to the Hh signaling
involvement.

Yap and Hh signaling pathway play synergistic
protective roles in TAA-induced liver fibrosis

To further validate the correlation of Yap and Hh signaling
pathway in TAA-induced liver fibrosis, immunohistochem-
istry assays were carried on with the detection of a-SMA,
YAP and Hh signaling factor GLI2a. Among, a-SMA cor-
relates with activation of fibroblast to myofibroblast, and
is an epithelial marker for fibrogenesis (Hinz et al. 2001).
The qualitative and quantitative data showed that high
expression of a-SMA was found in TAA-treated liver tis-
sue. YAP and GLI2a were also significantly upregulated
compared to control (p <0.05). The administration of VP
obviously decreased the YAP expression in both VP and
TAA + VP groups. VP also played an inhibition role in
a-SMA and GLI2a expression. Curiously, compared with
TAA-induced fibrotic group, CYC did not show suppres-
sion effect on a-SMA expression. However, it decreased the
YAP and GLI2a expression in TAA-induction groups, which
is consistent with histology and gene expression detection
(Fig. 5A, a—d).
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«Fig. 4 Assessment of liver histopathology. A The experimental flow
chart for chemical treatment and time points of sampling. B Liver
function tests by ALT assay. Statistical test used was one-tailed stu-
dent t-test, *p <0.05. C Histological evaluations in groups of control,
TAA, VP, TAA+ VP, CYC and TAA+CYC by hematoxylin and
eosin (H&E) staining, collagen secretion (Masson’s trichrome stain-
ing) and Sirius-red staining in adult zebrafish liver (original magnifi-
cation 40x and 400x). (a) Quantitative measurement of necrotic area
in livers; (b) Quantitation of Sirius-red staining sections by digital
image analysis. (¢) Quantification of Masson's trichrome staining sec-
tions using ImageJ software. Data are reported as collagen propor-
tionate area (CPA) converted into percentage. Five sections of livers
per subgroup were analyzed. D Quantitative PCR for mRNA expres-
sion of liver fibrotic genes (a), Yap associated genes (c) after TAA
treatment in adult zebrafish liver. Conventional PCR was as the vali-
dation (b, d). Values are expressed as means + SD. *p <0.05 for treat-
ment groups vs. control

In the embryonic experiment, TAA treatment exhibited a
reversal effect on the increase of Hh signal factor Glil and
Smo, but no obvious effect on Shh (Fig. 3C). In the adult
fish treatment experiments, more Hh factors were detected
(Fig. 5B). It was found that the expression of Shh, Glil, Gli2
and Smo were significantly upregulated after TAA treat-
ment. VP inhibited the expression of these four molecules
after TAA induction with significance. The expression of
other selected two Hh signaling factors, surface receptor
ptched (Ptch1) and hedgehog-interacting protein (Hhip) did
not show remarkable relevance with neither TAA induction
nor Yap inhibitor treatment. In addition, CYC has an inhibi-
tory effect on the expression of Shh and Smo. VP played an
inhibition role in TAA-induced Shh, Glil and Gli2, which
suggested an association of Yap with Hh signaling in the
process of liver fibrosis.

Nuclear colocalization of YAP and GLI2a
in TAA-induced liver fibrosis

To further elucidate the potential interaction of Yap and Hh
signaling pathway in TAA-induced liver fibrosis, immuno-
fluorescence assays were performed to detect the expression
and localization of YAP and Hh signaling factor GLI2a.
YAP and GLI2a in liver sections were labeled with red and
green fluorescence with corresponding antibodies and nuclei
were stained DAPI (blue). Both YAP and GLI2a were con-
stitutively expressed in relatively low expression levels in
cells in the absence of TAA (Fig. 6A). However post-TAA
induction, expression of YAP and GLI2a were significantly
increased compared to control (Fig. 6A, B). YAP was par-
tially translocated into the nucleus and overlapped with
GLI2a (Fig. 6A). Quantification of the fluorescent images
showed that under TAA-induction, more than 80% of the
YAP/GLI2x was colocalized in the nucleus (Fig. 6A, C). All
of these observations strongly indicated that TAA induction
seems to strengthen the interaction between YAP and GLI2«
and promote the nuclear colocalization of YAP and GLI2a.

In summary, a crosstalk exists between Yap and Hh signal-
ing pathway, which may play a synergistic protective role in
TAA-induced liver fibrosis (Fig. 7).

Discussion

Liver fibrosis is traditionally regarded as a progressive path-
ological process that occurs after extended liver injury with
multiple cellular and molecular events, ultimately leading to
the excess ECM degradation in the extracellular space (Cai
et al. 2020). HSCs are the major source of fibrous matrix-
secreting MFs which drive the wound healing fibrogenesis
in response to liver injury (Cai et al. 2020). The pathologi-
cal process is dynamic and theoretically, prevention of the
myofibroblastic transdifferentiation of HSCs and limit the
excessively accumulation of fibrogenic matrix can reverse
the liver fibrogenesis. However, current therapeutic options
for liver fibrosis are still limited, and organ transplantation
remains the only effective way for end-stage liver cirrhosis.
Thus, the mechanisms of orchestrating HSCs activation are
attractive therapeutic targets.

Over the past years, several new lines of investigation
provide critical insight into molecular mechanism of liver
fibrosis and identify important nuclear targets for interfer-
ing HSCs activation and reversing liver fibrogenesis. Recent
studies suggest Hippo signaling as an important pathway
in HSCs activation (Mannaerts et al. 2015). Hippo signal-
ing pathway, originally identified as tissue growth control
pathway in Drosophila, has emerged as an integrative com-
ponent of cellular homeostasis in a variety of tissues (Watt
et al. 2017). In mammalian cells, the major kinase cascade
is comprised of Mammalian Sterile 20-like kinases 1 and 2
(Mst1/2) and activate the large tumor suppressor kinases 1
and 2 (LATS1/2), which drive phosphorylation and degrada-
tion of the transcriptional coactivators, YAP and TAZ (Watt
et al. 2017). Upon Hippo pathway inactivation, activated
YAP/TAZ translocate into the nucleus and interact with the
TEAD family transcription factors, thereby by promoting
the expression of target genes of YAP, including Ankrdl,
Ctgf, Areg, etc. (Yao et al. 2018). Ankrd1 is a mechano-
sensitive transcription factor which mediates TGF-f} sign-
aling in response to injury and stress (Kojic et al. 2011).
Ctgf is the classic YAP/TAZ target gene which regulates
tissue remodeling and repair by regulation of fibronectin,
collagens (types I, III, IV, and VI) as well as binding with
integrins (Lau 2016). CTGF protein promotes HSCs activa-
tion and plays a critical role in a very early stage of fibrotic
process (Mannaerts et al. 2015; Friedman 2008), which also
implies that YAP drives HSC activation during the initial
phase (Mannaerts et al. 2015). AREG is also a down-stream
target of YAP which actives epidermal growth factor recep-
tor (EGFR) and plays an important role in ECM environment
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Fig.5 Immunohistochemistry detections in zebrafish liver. A (a)
Immunostaining of a-SMA, YAP and GLI2a, for the detection of
tissue sections of normal control, TAA-induced, VP treatment,
TAA+ VP treatment, CYC treatment and TAA+CYC treatment.
(b—d) Quantitation of a-SMA, YAP and GLI2a immunopositiv-

or blood circulation (Han et al. 2014). In this study, Ankrdl,
Ctgf and Areg were chosen to validate the Yap inhibition
effect by VP and results were consistent with reported.

It has been reported that YAP activation in HSCs prob-
ably provides a molecular basis for hepatocytes fibrosis
(Zhubanchaliyev et al. 2016). Sustained YAP activation in
liver fibrosis, in part, leads to increased contact between
activated HSCs due to pathologic accumulation of ECM
proteins and increased focal adhesion formation and tissue
stiffness (Dechéne et al. 2010). The mechanical cue of YAP
signaling by the influence of matrix stiffness is increasingly
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ity by area in the whole liver section in each group. Representative
data from 5 slices per group. Scale Bars=50 pm. B Relative expres-
sion of Hh factors in adult zebrafish liver. (a) QRT-PCR test of fac-
tors expression. (b) Conventional PCR was as the validation. Data are
expressed as the means +SD. *p <0.05

recognized as the main mediator of pathological mechanism
(Mannaerts et al. 2015). Importantly, pharmacologic inhibi-
tion of YAP by VP that disrupt their respective interactions
with cofactors remarkably prevented HSC activation and
relieves hepatic fibrogenesis progression of in murine liver
fibrosis models (Mannaerts et al. 2015). Thus, Yap repre-
sents an attractive potential target prevent HSCs activation
and progression of fibrosis. However, the precise function
and of YAP in liver fibrosis development was not clearly
demonstrated. In this study, the essential roles of Yap in liver
fibrosis were investigated by induction of TAA in zebrafish.
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Fig.6 Immunohistochemical detection of the distribution of YAP and
GLI2a in TAA-induced liver fibrosis. A Representative fluorescence
microscopy of the distributions of YAP and GLI2« in liver sections
using the indicated antibodies: anti-YAP (red), anti-GLI2a (green)
and nuclei were stained with 4’, 6-diamidino-2-phenylindole DAPI
(blue). The corresponding overlay of YAP and GLI2a is shown in
panel (YAP +GLI2a) and the corresponding overlays of the three sig-

Yap was detected to be increased in liver fibrosis tissue from
a TAA-induced zebrafish model. Embryonic gene knock-
down of Yap alleviated TAA-induced embryonic liver
lesions. In addition, inhibition of YAP by VP had an inhibi-
tory effect on TAA-induced liver changes in adult zebrafish,
which was consist with reported (Mannaerts et al. 2015).
These findings supported the potential involvement of YAP
in liver fibrosis progression.

The Hippo pathway and its downstream effectors YAP
and TAZ, play important roles in various organs in size
control, cell differentiation and regeneration in embryonic
development and organogenesis (Varelas 2014). While the
deletion of Yap results in embryonic lethality or smaller
body size with irregular organ development (Varelas 2014).
For example knockout of Yap leads to the aberrant retinal
pigment epithelium (RPE) specification and development in
zebrafish (George et al. 2021). It was reported recently that
embryonic knockout of Yap in livers did not show visible
defects and disrupted gene function of Yap did not disturb
liver bud formation but instead attenuate liver cell prolifera-
tion (Yi et al. 2018). Inconsistently, this study demonstrated

YAP

__ 1007

Percent of YAP/
GLI2 co-localization (%
N B [~} [}
e ¢ ¢ ¢ 9
L{ |

Q
(.v'é «??.

nals is shown in panel (merge). Scale bar=50 um. B Quantification
of relative fluorescence intensity of YAP and GLI2« in control and
TAA-induced liver fibrosis. C Percent of YAP/GLI2« nuclear colo-
calization in control and TAA-induced liver fibrosis. The fluorescence
intensity of each section was measured by Image]. *p <0.05, n=5,
means +SD

that knockdown of Yap expression exhibits the several vis-
ible embryonic organ deformities, which is consistent with
other reported (Hu et al. 2013). Although Yap is essential for
embryogenesis, the loss of yap do not lead to early lethality
(Yi et al. 2018). Our findings also highlight this outcome.
Nevertheless, in physiological conditions, inhibition of Yap
has a certain effect on tissue growth and organ development.

Yap is a morphogenic signaling protein that is relatively
inactive in healthy liver. Upon pathological liver injury,
the level and activity of YAP change dynamically from
homeostasis to overexpressed during the repair process,
while deletion of YAP attenuates hepatic fibrosis (Alsam-
man et al. 2020; Moya and Halder 2019). VP is applied to
inhibit YAP through direct binding with its cofactor TAZ,
thereby inhibiting the interactions with its downstream
cofactors, TEAD1/4 (Liu-Chittenden et al. 2012). Inhibi-
tion of Yap by VP leads to the reverse of the chronic HSCs
activation and impedes pathological liver fibrosis pro-
gression (Mannaerts et al. 2015). For example, ceramide
analog, newly discovered as a critical regulator to promote
YAP/TAZ degradation and inactivate HSCs, was proved be
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Fig.7 Crosstalk between Yap with Hh signaling factors. Upon Hippo
pathway inactivation, activated YAP/TAZ translocate into the nucleus
and interact with the TEAD family transcription factors, thereby by
promoting the expression of target genes of YAP, including Ankrdl,
Ctgf, Areg, etc. VP inhibits YAP through direct binding with its
cofactor TAZ, thereby inhibiting the interactions with its downstream
cofactors, TEAD. Inhibition of Yap exhibited suppression effect on

efficient for blocking liver fibrosis (Alsamman et al. 2020).
In this study, it has been demonstrated that interference
of Yap expression by MO (Yap) alleviated liver injury in
zebrafish embryos. Additionally, inhibition of YAP by VP
attenuated TAA-induced liver fibrosis in adult zebrafish,
which were consist with reported (Mannaerts et al. 2015;
Mooring et al. 2020). These facts indicate that impeding
Yap expression in the early stages of liver injury is an
effective prevention of the further deterioration of liver
function. Ambivalently, there is conflicting data for nega-
tive regulation of YAP/TAZ pathway in liver fibrogenesis.
For example, the report by Liu et al. elaborated that Yap
activation suppressed HSCs activation and stopped fibro-
genesis, while inhibition of YAP by VP exacerbated liver
fibrogenesis. Recently Xu et al. also demonstrated that
genetic deletion of Yap/Taz in periostin-marked myofibro-
blasts had no effect on liver fibrogenesis in vivo (Xu et al.
2021). Such discrepancy has triggered controversy regard-
ing the function of YAP/TAZ in liver fibrosis. Collectively,
targeted therapy of liver injury and fibrogenesis by YAP
inhibitor remains to be broadly assessed. Moreover, fur-
ther studies are required to determine the comprehensive
regulation and the molecular mechanism of Yap.
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TAA-induced Shh, Smo, Glil and Gli2. YAP yes-associated protein,
TAZ transcriptional coactivator with PDZ-binding motif, VP verte-
porfin, Smo smoothened, SHH sonic hedgehog, PTCHI patched 1,
Gli GLI family zinc finger, Ctgf connective tissue growth factor, Areg
amphiregulin; connective tissue growth factor, Ankrdl ankyrin repeat
domain 1

Hh signaling affects various cellular functions including
cell proliferation, cell migration and linage commitment
(Ghuloum et al. 2022). During the liver wound healing pro-
cess, Hh is activated and injured MFs can produce Hh fac-
tors Shh and Ihh (Indian hedgehog) ligands during fibrogen-
esis (Machado and Diehl 2018). Dysregulation of excessive
Hh signaling in HSCs leads to pathology in the entire liver.
For example, liver injury induces accumulation of factors
that activate the Hh pathway which promotes transdifferen-
tiation of HSCs into MF (Gao et al. 2019). Inhibition of Hh
signaling in HSCs-derived MF can suppress MF accumula-
tion (Shen et al. 2017), but it can also cause progressive liver
injury (Machado and Diehl 2018). Hh is stimulated and acti-
vated by several factors accumulate in injured livers, includ-
ing Pdgf, Tgf-p1, etc. (Machado and Diehl 2018) Shh and
TIhh are classic Hh ligands, which are produced in endoderm
epithelial cells and secreted to adjacent mesenchymal cells,
where the Hh ligands recognize and bind to their receptor
Ptchl, resulting in attenuation of the suppression of Smo,
which subsequently activate the transcription factors such
as Glil and Gli2, and finally control the expression of mul-
tiple Hh target-genes transcription (Cotton et al. 2017). In
this study, Hh signaling factors Glil, Gli2, Smo and Shh
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showed close correlation with TAA induced liver fibrosis.
Inhibition of Hh by CYC presented a suppressing role in Hh
signals, however, did not exhibit obvious hepatoprotective
effect under the induction of TAA, which might because of
the dynamic regulation of Hh correlated with the severity
and duration of the liver injury (Machado and Diehl 2018).
The uncertain mechanisms of Hh in liver damage and repair
process remain controversial and need to be further clarified
(Machado and Diehl 2018).

In healthy liver, Shh and Hh activity are barely detect-
able, as well as Yap (Machado and Diehl 2018). However,
in HSCs, the activities of both the Hh pathway and Yap
change from typical low levels of activity to high activity
during liver injury (Swiderska-Syn et al. 2016; Machado
and Diehl 2018). The Hh pathway was recently shown to
control the activity of YAP in HSCs, and blocking Hh path-
way and YAP activation prevented HSCs transdifferentiating
into MF (Du et al. 2018). Furthermore, the cross talking
between Shh and Yap signaling are correlated with liver
injury and Yap is known to be a downstream effect of the
Shh pathway in fibrotic livers (Jin et al. 2021). Liver injury
triggers the activation of the Hh pathway and Yap, both of
which switch from typical low or absent expression levels to
high activities (Liu et al. 2019; Swiderska-Syn et al. 2016).
Hh pathway directly modulates Yap activation during liver
regeneration after partial hepatectomy (PH) and liver fibrosis
(Bruschi et al. 2020; Swiderska-Syn et al. 2016; Panciera
et al. 2017). Smo, the Hh signaling-competent co-receptor,
drives the activation of Yap in myofibroblastic HSCs (Swid-
erska-Syn et al. 2016). Interruption of Hh signaling in MFs
significantly reduced GLI2 and blocked the YAP nuclear
accumulation in primary hepatocytes (Swiderska-Syn et al.
2016; Nguyen-Lefebvre et al. 2021). Otherwise, activated
Yap transduces many Hh signaling downstream actions in
HSC transdifferentiation (Swiderska-Syn et al. 2016). TAZ
directly activates Hh signaling with upregulated pro-fibri-
nogenic factors including osteopontin, Timp1, and Collal
(Machado et al. 2015; Manmadhan and Ehmer 2019).
Knockdown of Yap inhibits the induction of Hh associated
genes, such as Glil, that is the proximal mediator of the
MF transition (Swiderska-Syn et al. 2016; Nguyen-Lefebvre
et al. 2021). Hh pathway has been identified to trigger glu-
taminolysis by interaction with Yap (Du et al. 2018). Taken
together, these facts provide novel evidences that HSC fate
is mediated by an important cross-talk between YAP and Hh
signaling pathway. Our research demonstrated that inhibi-
tion of Yap by VP reduced the expression of Shh, Glil and
Gli2 under induction of TAA. Moreover, disruption of Hh
signaling pathway by CYC suppressed the activation of Yap
in liver fibrosis. Interestingly, we demonstrate for the first
time that the nuclear colocalization of YAP and GLI2a was
promoted in TAA-induced liver fibrosis. As known, Gli2 is
a downstream target gene of Yap and Yap was identified to

promote tumor angiogenesis through Gli2 (Xu et al. 2019).
Gli2 Knockdown rescues the Yap-overexpression pheno-
type in cortical progenitors (Lin et al. 2012). YAP activity
drives GLI2 nuclear accumulation and the nuclear activity of
GLI2 and YAP concomitant with increased stromal fibrosis
in basal cell carcinoma (Akladios et al. 2017). A complete
understanding of the regulation under the nuclear colocaliza-
tion of YAP and GLI2« and its function in liver fibrosis still
require further study.

In this work, to dissect the molecular regulation mecha-
nisms during the initiation of hepatic fibrosis process, the
model of TAA-induced liver injury in embryonic and adult
zebrafish were utilized following the administration routes
and time points as reported (Chuang et al. 2016; Turola et al.
2015; Migdat et al. 2021; Amali et al. 2006b; Katoch and
Patial 2021). In summary, this study demonstrates that cross
talking of Yap and Hh plays a critical role in liver fibrotic
response and provides new theoretical insight concerning
the mechanisms of fibrosis progression.
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