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Abstract

Background: Liver fibrosis results from accumulation of myofibroblasts (MFs) derived from
quiescent hepatic stellate cells (HSCs), and YAP (yes-associated protein) controls this state
transition. Although fibrosis is also influenced by HSC death and senescence, whether YAP
regulates these processes and this could be leveraged to treat liver fibrosis are unknown.

Methods: YAP activity was manipulated in MF-HSCs to determine how YAP impacts
susceptibility to pro-apoptotic senolytic agents or ferroptosis. Effects of senescence on YAP
activity and susceptibility to apoptosis versus ferroptosis were also examined. CCly-treated mice
were treated with a ferroptosis inducer or pro-apoptotic senolytic to determine effects on liver
fibrosis. YAP was conditionally disrupted in MFs to determine how YAP activity in MF-HSC
affects liver fibrosis in mouse models.

Results: Silencing YAP in cultured MF-HSCs induced HSC senescence and vulnerability to
senolytics, and promoted ferroptosis resistance. Conversely, inducing HSC senescence suppressed
YAP activity, increased sensitivity to senolytics, and decreased sensitivity to ferroptosis. Single
cell analysis of HSCs from fibrotic livers revealed heterogeneous sensitivity to ferroptosis,
apoptosis, and senescence. In mice with chronic liver injury, neither the ferroptosis inducer nor
senolytic improved fibrosis. However, selectively depleting YAP in MF-HSCs induced senescence
and decreased liver injury and fibrosis.
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Conclusion: YAP determines whether MF-HSCs remain activated or become senescent. By
regulating this state transition, Yap controls both HSC fibrogenic activity and susceptibility to
distinct mechanisms for cell death. MF-HSC-specific YAP depletion induces senescence and
protects injured livers from fibrosis. Clarifying determinants of HSC YAP activity may facilitate
development of novel anti-fibrotic therapies.
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INTRODUCTION

Progressive liver fibrosis and cirrhosis account for most morbidity and mortality from liver
diseases, but therapies that block fibrosis have yet to be discovered. Myofibroblasts (MFs)
derived from hepatic stellate cells (HSCs) are the major producers of the fibrous matrix
that accumulates as cirrhosis evolves and thus, limiting the accumulation of MF-HSCs in
injured livers should prevent cirrhosis. HSCs normally exist in a quiescent, non-proliferative
state. However, when the liver is injured, HSCs transition into proliferative MF-HSCs.
During regression of liver fibrosis, MF-HSCs can revert back to an inactivated and less
fibrogenic phenotype that is similar to, albeit distinct from, quiescent HSCs.(1) Consistent
with this enormous plasticity of HSCs during fibrosis progression and regression, recent
single-cell RNA sequencing technology has demonstrated HSC heterogeneity, especially in
injury-activated populations.(2)

Cellular senescence is a state of irreversible growth arrest in which cells remain
metabolically active. It can be induced by a variety of cell stresses and is characterized

by a flattened morphology and DNA-damage responses (DDR), including increased
expression of cell cycle inhibitors (e.g. p16, p21), high SA-B-gal activity, and acquisition

of the senescence-associated secretory phenotype (SASP). Accumulation of senescent cells,
including HSCs, has been demonstrated in multiple liver disorders.(3) However, while many
studies reported that HSC senescence limits liver fibrosis,(4, 5) many others claimed that
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it favors fibrosis progression and leads to liver cancer through the SASP secretome. (6,

7) Thus, the role of HSC senescence in fibrosis remains controversial. More importantly,
the mechanisms that control HSC senescence are unclear. Improved understanding of how
senescence is regulated may clarify if (and how) HSC senescence influences liver fibrosis.

Previous research indicates that inhibiting quiescent HSCs from transitioning into a
myofibroblastic state, suppressing energy metabolism in MF-HSCs, inducing MF-HSCs to
revert back to a more quiescent state, or increasing death of MF-HSCs are each potentially
attractive approaches to reduce liver fibrosis.(1) Based on evidence that increased HSC
apoptosis accompanies resolution of fibrosis in pre-clinical models, selectively inducing
apoptosis of MF-HSC has been prioritized as a treatment for cirrhosis.(1) However, efforts
to develop such agents have proven to be unsuccessful thus far. Although non-apoptotic
pathways of programmed cell death have also been described in HSCs, (8, 9) whether
MF-HSC death could be triggered selectively by targeting these other pathways is uncertain.
We recently demonstrated that MF-HSCs are exquisitely sensitive to ferroptosis,(10) a newly
identified form of regulated cell death driven by disturbed redox homeostasis and increased
lipid-peroxidation. However, the mechanisms that modulate HSC sensitivity to ferroptosis,
if (and how) the latter impacts senescence, and whether manipulating either process might
improve liver fibrosis are unknown.

The Hippo-YAP/TAZ pathway integrates diverse mechanical and biochemical cues

to orchestrate cell state transitions. Dysregulated pathway activity occurs in various
maladaptive regenerative pathologies, including cancer and liver fibrosis.(11) In many
cancers, Hippo-YAP/TAZ signaling controls both tumor aggressiveness and ferroptosis
sensitivity.(12) Whether the pathway has similar roles in liver fibrosis progression is
unknown. We hypothesize that both HSC senescence and ferroptosis susceptibility are
regulated by Hippo-YAP/TAZ signaling and thus, targeting this pathway and/or processes it
controls will impact liver fibrosis.

METHODS and MATERIALS

Animal studies

Mice with tamoxifen-activated CreER™ under the control of the smooth muscle actin
promotor (aSMA-CreER) were crossed with Yap1flox/flox mice (from Dr. Udayan Apte,
University of Kansas) to enable conditional deletion of the floxed Yapl gene specifically in
aSMA-expressing myofibroblasts after tamoxifen treatment. Littermate male aSMA-Cre*
Yap1flox/flox gnd Yap1floxflox mice, aged 8-14 weeks, were subjected to sham operation

or bile duct ligation (BDL) for 2 weeks, or treated i.p. with corn oil or 0.6mL/kg CCly
twice per week for 6 weeks, or fed a chow diet or methionine/choline-deficient (MCD) diet
for 7 weeks (n=5-7 per genotype/treatment group). To induce Cre recombinase activity in
myofibroblasts, BDL mice were intraperitoneally injected with tamoxifen (Sigma-Aldrich)
at 10 mg per kg body weight every other day from day 4 until tissues were harvested

at day 14. For CCly- or MCD diet-induced liver fibrosis, tamoxifen was injected every
other day in the last 2 weeks. To study the respective roles of ferroptosis and senescence

in liver fibrosis, C57BL/6 wide type mice (Jackson Laboratories, Bar Harbor, ME) were
treated i.p. with corn oil or 0.6mL/kg CCl, twice per week for 4-6 weeks to induce liver
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fibrosis. The ferroptosis inducer cyst(e)inase (100 mg/kg, provided by Dr. Everett Stone,
University of Texas at Austin) or its vehicle was i.p. given 2 times per week in the last 2
weeks of a 4-week CCl, treatment protocol (n=7 mice/ group). The senolytic A-1331852 (20
mg/kg, MedChemExpress) or vehicle was orally administered every other day in the last 2
weeks of 6-week CCly treatment (n=4-5 mice/group). At sacrifice, blood was obtained for
measurement of AST, ALT and bilirubin, and liver tissues were fixed in phosphate-buffered
formalin for histological analysis, or flash-frozen in liquid nitrogen and stored at —80 °C.

All studies were approved by the Duke University Institutional Animal Care and fulfilled
National Institutes for Health and Duke University IACUC requirements for humane animal
care.

Cell culture studies

RESULTS

The human MF-HSC line (LX2, from Scott Friedman, Mount Sinai School of Medicine)
and primary HSCs from de-identified human liver explants and Yap1f1oX/flox mice were also
studied (See Supplemental Materials & Methods for details).

YAP controls HSC ferroptosis sensitivity

Cell density influences cell-cell contact and thus, regulates activity of the mechanosensitive
Hippo pathway that modulates YAP/TAZ activity by controlling the phosphorylation

and intracellular location of these transcriptional regulators.(13) Therefore, we compared
YAP/TAZ activity in cultured HSCs at different degrees of confluence. We observed that
YAP was exclusively localized to nuclei when MF-HSCs (LX2 cells) were cultured in
sub-confluent conditions, but translocated to cytosol in high density culture. (Figs. 1A,

B). Levels of phospho-YAP (inactive state) in total cell lysates and cytosol fractions were
also higher, and expression of YAP target genes was lower, in confluent cells (Figs. 1B,

C), confirming that cell-cell contact suppressed YAP activity in MF-HSCs. Interestingly,
confluent HSCs also became much less vulnerable to ferroptosis induced by either erastin
or RSL3 (Fig. 1D; Suppl. Fig. 1). To directly test the role of YAP and TAZ in regulating
HSC state and ferroptosis sensitivity, we knocked-down either YAP or TAZ by siRNA.
YAP depletion greatly suppressed the MF-HSC phenotype and reduced susceptibility to
ferroptosis (Figs. 1E, F; Suppl. Fig. 2). In contrast, knocking down TAZ had a minimal
effect on either outcome (Figs. 1E, F; Suppl. Fig. 2). TGF-B is a master regulator of

HSC state transitions, and its crosstalk with YAP/TAZ has been suggested to underlie

its profibrogenic activity.(14) Therefore, we treated HSC with TGF-f to determine its
effects on ferroptosis sensitivity. As expected, TGF-f treatment increased the expression

of myofibroblastic genes in LX2 cells (Fig. 1G). More importantly, TGF- treatment

also dramatically increased HSC ferroptosis susceptibility (Fig. 1H; Suppl. Fig. 3). To
determine if these findings associate with increased YAP/TAZ activity, we performed GSEA
on a published RNA-seq data set (GSE11954) and found that the YAP1 _ECM_AXIS

was significantly enriched in TGF-f treated primary human HSCs (Fig. 11). In addition,
YAP/TAZ canonical target genes (e.g., CTGF and ANKRD1) were upregulated in our TGF-
B treated LX2 cells (Fig. 1J), confirming that YAP/TAZ activity was increased by TGF-p.
Importantly, silencing YAP (but not TAZ) alleviated the enhanced ferroptosis sensitivity
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induced by TGF-p treatment (Fig. 1K; Suppl. Fig. 3), re-affirming that YAP activity strongly
associates with a MF-HSC state change and increased ferroptosis sensitivity. Therefore,
HSCs that are driven into the highly myofibroblastic state by factors like TGFB and YAP
become more susceptible to ferroptosis, while HSCs in a less myofibroblastic state (e.g.
quiescent or inactivated) due to tight cell-cell contact or YAP deficiency are less susceptible
to ferroptosis (Fig. 1L). Together, these findings demonstrate that YAP critically controls
MF-HSC ferroptosis susceptibility.

YAP dictates MF-HSC ferroptosis sensitivity by regulating P21-GPX4 axis

To delineate downstream mechanisms whereby YAP controls ferroptosis sensitivity of
HSCs, we performed RNA-seq analysis in HSCs that were either deficient in YAP or TAZ
(siYAP and/or SiTAZ vs siNT). Surprisingly, we found that YAP deficiency effected the
expression of thousands of genes while TAZ deficiency only altered the expression of a

few hundred genes (Suppl. Figs. 4A, B). Since recent studies suggested that P21 can be a
barrier to ferroptosis,(15) and we found that P21 was one of the most upregulated genes
when YAP was knocked down in our RNA-seq data (Suppl. Fig. 4C), we hypothesized

that YAP dictates HSC ferroptosis sensitivity by regulating P21 expression. Indeed, we
found that deficiency of YAP, but not TAZ, dramatically increased P21 protein expression in
HSCs (Fig. 2A). Moreover, silencing P21 by siRNA increased HSC ferroptosis sensitivity,
and partially abolished the ferroptosis resistance in YAP-depleted HSCs (Figs. 2B, C).
Consistent with this, P21 inhibitor UC2288 also increased HSC ferroptosis sensitivity

and partially abolished ferroptosis resistance in YAP-depleted HSCs (Figs. 2D, E, F).

In contrast, forced overexpression of P21 greatly reduced the vulnerability of HSCs to
ferroptosis (Figs. 2G, H). Since GPX4 is the central downstream regulator of the ferroptotic
process,(16) we asked whether YAP dependent P21 expression effected GPX4. Indeed,

we found that while erastin treatment reduced the expression of GPX4 and P21 in HSCs,
YAP-deficiency increased GPX4 expression and partially preserved GPX4 expression during
erastin treatment (Figs. 21, J), indicating that YAP might regulate P21 expression and GPX4
activity to control ferroptotic stress. In support of this concept, confluent HSCs (in which
YAP activity is impaired and sensitivity to ferroptosis is reduced) (Figs. 1A-D) exhibited
increased P21 and GPX4 expression (Fig. 2K); HSCs treated with TGF- (which exhibit
enhanced YAP activity and sensitivity to ferroptosis) (Figs. 1G—K) demonstrated decreased
P21 and GPX4 expression (Fig. 2L). Therefore, we conclude that the Hippo-YAP pathway
activity determines ferroptosis sensitivity in HSCs by regulating the P21-GPX4 axis (Fig.
2M).

YAP deficiency induces HSC senescence, and senescent HSCs display differential cell
death susceptibility.

Since P21 is a senescence marker and it dramatically increases when YAP is inhibited, we
hypothesized that YAP deficiency induces HSC senescence. GSEA of the transcriptomes
of HSC treated with siYAP vs siNT RNA for 7 days revealed that gene signatures of
cellular senescence and senescence-associated pathways (e.g. NF-kB-TNFa. signaling; P53
pathway; IL-10 signaling) are upregulated in YAP-deficient HSCs (Suppl. Figs. 5A, B).
Importantly, senescence gene signature enrichment is accompanied by reduced cell growth,
increased expression of both p16 and p21, decreased expression of cell proliferation
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markers (Suppl. Figs. 5C-E), induction of a senescence-associated secretory phenotype
(SASP), and a striking increase in senescence-associated beta-galactosidase (SA-B-gal)
activity (Figs. 3A-C). In contrast, knocking down TAZ has a minimal effect on HSC
proliferation and any of these senescent traits (Figs. 3A-C; Suppl. Figs. 5C-E). To examine
the functional significance of this finding, we exposed these cells to a well-established
senolytic agent, ABT-263.(17) ABT-263 is a potent inhibitor of anti-apoptotic Bcl2 family
proteins which senescent cells require to escape death induced by their own senescence-
associated secretome.(17) While control MF-HSCs were highly resistant to ABT-263,
depleting YAP (but not TAZ) greatly increased HSC susceptibility to ABT263 (Fig. 3D), and
this susceptibility correlated with both enrichment for apoptosis pathway gene signatures
as demonstrated by GSEA of YAP-deficient HSC transcriptomes (Suppl. Fig. 5F), and
increased expression of Bcl2 family proteins (Fig. 3E).

To determine whether the findings in the human HSC line (LX2 cells) could be reproduced
in primary HSCs, we treated primary human HSCs with siRNA targeting YAP, TAZ,

or both for 7 days. The primary HSCs expressed the typical HSC markers (Suppl. Fig.

5G). Knocking out YAP suppressed HSC myofibroblastic activity (e.g., decreased Collal
expression) (Fig. 3F) and growth (Suppl. Fig. 5H), and increased senescence (i.e., induced
flat & large cell morphology, increased SA-B-Gal staining, and expression of SASP factors
CXCL1 and CXCL2) (Figs. 3G, H). Although depleting TAZ in primary HSC did not induce
the SASP (Fig. 3H), TAZ KO did suppress HSC growth (Suppl. Fig. 5H) and have mild
effects on SA- B-gal staining (Fig. 3G), suggesting TAZ influences senescence in these cells.
Consistent with this concept, the maximal effects on MF-HSC phenotype and senescence
markers were observed in primary HSCs that were deficient in both YAP and TAZ, as
evidenced by almost 90% SA-B-Gal staining positivity, complete cell cycle arrest and
dramatic induction of the SASP factors (Figs. 3F—H; Suppl. Fig. 5H). Moreover, suppressing
both YAP and TAZ caused a greater /oss of sensitivity to the ferroptosis inducer erastin,

and a greater gain of sensitivity to the senolytic ABT263, than depleting either YAP or TAZ
alone (Fig. 3I). Together, these data suggest YAP and TAZ act synergistically to control both
cellular senescence and cell death programs in primary HSCs. Thus, similar to other types
of senescent cells, senescent HSCs upregulate anti-apoptotic Bcl2 family proteins to resist
senescent stress and in turn, this increases their susceptibility to senolytics that suppress
these anti-apoptotic defenses.

To verify these findings, we performed GSEA of 2 published RNA-seq data sets

that compared “senescent HSCs to growing HSCs (GSE11954)” or “reverted HSCs to
activated HSCs (GSE68001)”, and found that the “YAP_conserved_signature’ was the
top-downregulated gene-set in both datasets (Suppl. Figs.6A-F). We also induced HSC
senescence by etoposide, an agent that reliably induces senescence by triggering DNA
damage.(4) Etoposide provoked HSC senescence, as demonstrated by increased SA-B-Gal
staining, massive induction of SASP factors, and dramatic upregulation of P21(Figs. 4A-
C). Etoposide-treated HSC also consistently exhibited impaired myofibroblastic activity,
as demonstrated by the reduced expression of proliferative and fibrogenic biomarkers
(Suppl. Figs. 7A-C). Interestingly, we observed that expression of YAP and its target genes
such as CTGF, ANKRD1 and CYR61 were also decreased (Figs. 4C, D), suggesting that
inducing senescence suppressed YAP activity. The expression of the other Hippo pathway
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effector, TAZ, was also decreased slightly (Fig. 4C). Similar to HSC treated with YAP
siRNA (Fig. 1F), HSCs that became senescent during etoposide exposure also displayed
dramatic resistance to the ferroptosis inducer, erastin, but increased susceptibility to the
senolytic agent, ABT263 (Figs. 4E, F). Moreover, when P21 was over-expressed, HSC that
became senescent (Figs. 4G, H) also demonstrated impaired myofibroblastic activity (Suppl.
Figs. 7D, E), decreased sensitivity to ferroptosis (Figs. 2G, H) and increased sensitivity to
ABT263 and A1331852, another senolytic agent that specifically inhibits Bcl-xI (Fig. 41).
Together, these data demonstrate that YAP is a master regulator of both HSC senescence
and death: senescent HSCs with low YAP activity are generally resistant to ferroptosis but
sensitive to senolytics, while MF-HSCs with high YAP activity generally resist apoptosis but
are sensitive to ferroptosis inducers.

Single cell analysis of HSCs from fibrotic livers reveals heterogeneity of HSC sensitivity to
ferroptosis, apoptosis and senescence

Recently published analyses of HSC populations at the single cell level have revealed
striking phenotypic heterogeneity within the activated HSC population in injured livers

and suggested that this variability may result, as least in part, from differences in HSC

state. (2) To examine whether sSCRNA-seq data also demonstrate that HSC communities
exhibit heterogeneous sensitivity to ferroptosis, apoptosis and senescence, we analyzed a
recently published scRNA dataset of liver nonparenchymal cells isolated from chronic CCly
and BDL models (GSE171904). (18) After applying cell-type specific markers to remove
non-HSCs, a large cluster of Lrat*, Desmin*, Acta2* and Collal* cells was identified in
each model (Suppl. Fig. 8). Each of the two large HSC clusters was comprised of seven
smaller sub-populations and model-related differences in the relative abundance of these
HSC subpopulations were apparent. (Suppl. Fig 9A). Further pathway profiling revealed that
gene signature associated with YAP is differentially enriched in distinct clusters, with cluster
6 exhibiting the lowest YAP signature in both fibrosis models (Suppl. Fig. 9B). Dotplots

of individual genes revealed that either ferroptosis markers (Chacl, Ptgs2) or senescence
markers (e.g., GIbl, Tp53, cdknla, ckdn2a) were rare in HSC populations (Suppl. Fig. 9C),
indicating that the HSC populations in both liver fibrosis models were actively deploying
adaptive mechanisms to evade death from either apoptosis or ferroptosis. Interestingly,
cluster 6, which has lowest YAP Conserved_Signature, also has lowest expression of MF-
HSC marker Acta2 and Collal, but highest levels of Cdknla (p21), Gpx4 and ferritin (Fthl
and Ftl1), supporting findings from our own studies which indicate that YAP depletion
suppresses MF-HSC characteristics and induces a senescence-associated phenotype that is
relatively resistant to ferroptosis. In contrast, clusters 0 and 4, which have highest expression
of Acta2 (and thus, are likely to be highly myofibroblastic), demonstrate a relatively low
level of Bcl2 and high level of Bax. While a low Bcl2/Bax ratio indicates potential
susceptibility to apoptotic stress, these cells are viable despite this apparent imbalance of
anti- and pro-apoptotic factors, suggesting that their survival is not dependent upon Bcl2.
This interpretation is also consistent with our own experimental data which show that
MF-HSCs are relatively resistant to the lethal effects of Bcl2 inhibitors.
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Systemic treatment with the ferroptosis inducer cyst(e)inase exacerbates liver injury and

fibrosis

Our Jn vitrofindings suggested that liver fibrosis would be most improved by eliminating
the ferroptosis-sensitive myofibroblastic HSCs since these cells are more fibrogenic than the
apoptosis-sensitive HSC subpopulation. Previously, we showed that HSC stores of reduced
glutathione (GSH) are controlled by xCT, an antiporter that exports glutamate in exchange
for extracellular cystine that is then further metabolized intracellularly to generate cysteine
for synthesis of glutathione.(10) To determine how HSC responded to cysteine depletion,
we exposed cultured HSCs to cyst(e)inase, an engineered enzyme that depletes extracellular
L-Cys to decrease the intracellular GSH pool, elevate ROS, inhibit GPX4 activity, and
increase lipid peroxidation.(19) We found that cultured HSCs are highly susceptible to
cyst(e)inase-induced ferroptosis, as indicated by the extensive cell death after exposure to
nM concentrations of cyst(e)inase and robust rescue by the GSH precursor NAC, as well

as by the ferroptosis-specific inhibitor liproxstatin (Suppl. Figs. 10A, B). Therefore, mice
were treated with CCl, for 4 weeks, and cyst(e)inase or its vehicle was administered i.p.
during the final 2 weeks of CCl, treatment. We found that chronic CCl, treatment triggered
significant liver injury (Figs. 5A, B) and hepatocyte cell death (Figs. 5C, D). However, while
cyst(e)inase did not cause any evident liver toxicity in healthy mice, CCly-treated mice that
were given cyst(e)inase demonstrated significantly worse liver injury than vehicle-treated
controls (Figs. 5A-D). In addition, liver fibrosis was also greatly exacerbated in these mice
(Figs. 5E-G). Thus, cyst(e)inase not only provoked worse liver injury, it also failed to
suppress liver fibrosis.

Systemic treatment with senolytic agent that inhibits BCL2 exacerbates liver injury and

fibrosis

Our /n vitro studies also demonstrated that ferroptosis-resistant HSCs are typically senescent
and thus, become particularly vulnerable to Bcl2 inhibitor-based senolytic agents (Figs. 3,
4). Our single cell analysis demonstrated that HSC communities in chronically injured livers
become enriched with HSCs that express Bcl2 family members (Suppl. Fig. 9C), suggesting
that fibrotic livers may accumulate senescing HSCs. To examine HSC senescence in mouse
liver, we performed SA-B-gal & desmin co-staining in liver tissues from healthy mice or
mice that were treated with CCl4 for 6 weeks since senescent cell accumulation is known

to increase with the duration of liver injury.(3) Consistent with the earlier studies, we found
that while SA-B-gal * cells are rarely detected in healthy liver, they increase around fibrotic
septa in fibrotic livers (Suppl. Fig. 11A). Co-staining with desmin revealed that a subset

of HSCs is co-positive for SA-B-gal (Suppl. Fig. 11A). We also performed p21 & desmin
co-immunostaining in these tissues. Although most p21 positive cells are hepatocytes, some
cells are positive for both p21 & desmin (Suppl. Fig. 11B). To further assess whether HSC
undergo senescence during liver injury, we analyzed a published bulk RNA-seq dataset

of primary HSC (GSE134512), and confirmed that HSCs from CCls-induced fibrotic liver
have significantly higher expression of p21 than those from healthy liver (Suppl. Fig. 11C).
We then induced liver fibrosis in mice by CCly treatment for 6 weeks and administered
A-1331852 (Bcl-xl inhibitor) in the last two weeks. Similar to the findings with ferroptosis
inducers, mice treated with the senolytic also developed higher aminotransferases (Figs. 6A,
B), more histologic evidence of hepatocyte injury, aSMA+ cell accumulation, and Sirius-red

Hepatology. Author manuscript; available in PMC 2023 August 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Du et al.

Page 9

staining, and greater up-regulation of fibrogenic genes and MF-HSC markers (Figs. 6C—
F). Surprisingly, we observed that this inhibitor did not reduce liver senescence overall,

as indicated by the comparable expression of p16 and p21, SASP factors and SA-B-gal
positive areas (Figs. 6G, H-J). We also repeated this protocol using the most commonly
used senolytic ABT-263 (pan-Bcl2 inhibitor) and observed very similar results (data not
shown). Together, these results clearly demonstrate that the negative effects of systemically
administered inducers of either ferroptosis or apoptosis on hepatocytes overwhelm any
treatment-related benefits that might accrue from reconfiguring HSC populations during
liver injury.

Selective YAP depletion in MF-HSC induces senescence and protects against liver fibrosis

Previous publications reported that systemic treatment with verteporfin, a YAP/TAZ
inhibitor, significantly reduced accumulation of MF-HSCs and inhibited liver fibrosis in
mice with liver injury.(20) However, verteporfin has various YAP-independent effects, (21,
22) and thus, its anti-fibrotic efficacy might have resulted from those actions. Also, neither
study reported if (or how) systemic inhibition of YAP/TAZ signaling influenced HSC state
transitions that determine relative sensitivity to different types of regulated cell death. A
more recent study deleted Yapl in Lrat-expressing cells and demonstrated that this protected
mice from developing liver fibrosis during CCl, treatment.(23) However, Lrat is strongly
expressed by quiescent HSC and quiescent HSCs are the predominant source of MFs
during liver injury. Hence, this approach is not useful for determining how YAP influences
state transitions or death susceptibility in HSCs that have already become MF because

it deletes YAP before the myofibroblastic state transition occurs. To define the specific

role of MF-HSC YAP expression on liver fibrosis, primary HSCs were harvested from
Yap1flox/flox mice and treated with control adenovirus (Ad) expressing GFP or adenovirus
harboring Cre recombinase after 4 days in culture, when the cells are activated and strongly
express aSMA.(24) Three days later, cultures were harvested for analysis. Compared with
HSCs that were treated with Ad-GFP, Ad-Cre significantly decreased expression of YAP,
its target gene CTGF, and the MF marker aSMA (Suppl. Fig. 12A), confirming that a
Cre-LoxP approach to disrupt Yap signaling was effective in MF-HSCs. Therefore, we
crossed Yap1flox/flox mice with a SMA-Cre-ERT2 mice to generate double-transgenic mice
in which the aSMA promoter drives expression of tamoxifen-dependent Cre recombinase-
estrogen receptor fusion protein. Treatment with tamoxifen drives Cre recombinase into
the nucleus to delete the floxed Yapl exon, thereby abrogating YapI expression selectively
in aSMA-expressing cells.(24) These mice were subjected to sham surgery or bile duct
ligation (BDL) and tamoxifen or its vehicle were administered intraperitoneally every other
day from day 4 until liver tissue was harvested on day 14 to determine how YAP depletion
in MFs influenced fibrosis during cholestatic liver injury. Our analysis of single cell RNA
seq data from HSCs that were isolated 10 days after BDL indicates that HSC communities
are becoming activated and myofibroblastic at that time point (Suppl. Fig. 8). Thus, we
expected that analyzing HSC communities 14 d after BDL would provide useful information
about YAP’s role in HSCs that had recently become MF. Single transgenic Yap1flox/flox mice
which lack the Cre transgene were subjected to the same protocol to control for potential
nonspecific effects of tamoxifen. We observed that tamoxifen decreased the expression

of Yap1 and its target genes in aSMA-CreERT2 x Yap1flox/flox mice (hereafter dubbed
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Yap1AHSC mice) (Figs. 7A, B); Yapl and a SMA co-immunofluorescence staining further
confirmed YAP deletion in aSMA-expressing HSCs (Figs. 7C, D). As we had observed in
cultured MF-HSCs (Fig. 3), depleting Yapl in activated HSCs of intact mice also induced
senescence, as evidenced by increased SA-B-Gal staining in aSMA-expressing HSCs,
upregulation of SASP factors, and induction of P21 in liver lysates (Figs. 7E-G; Suppl.
Figs. 12B, C). More importantly, blocking Yap1 signaling in MFs suppressed BDL- induced
liver injury (Fig. 7H) and inhibited accumulation of MFs, liver fibrosis, liver dysfunction,
and the ductular reaction (Figs. 7G-J; Suppl. Figs. 12C, D). In contrast, tamoxifen failed

to effect Yapl expression, induce hepatic senescence, or alleviate liver injury, fibrosis, or
ductular reactions in the single transgenic Yap1floX/flox mice (Suppl. Fig. 13), excluding

the possibility that findings in the Yap1*AHSC mice might have been caused by off-target
effects of tamoxifen treatment. To further investigate the significance of YAP in MF-HSCs
and liver fibrosis, we also treated the Yap1*AHSC mice with CCl, for 6 weeks to induce
hepatocellular injury and tamoxifen was given in the last 2 weeks to delete Yapl in aSMA-
expressing cells (Fig. 8). Our single cell analyses demonstrate that HSCs populations in
CCly-treated wild type mice are more activated than those in BDL-treated mice (Suppl. Fig.
8) and thus, the 6-week CCl4 model is useful for examining the impact of deleting YAP1

at a later time point during liver injury when HSC populations are more enriched with the
activated MF-HSC that drive fibrosis progression. Similar to our findings in the BDL model,
we observed that CCl,-treated Yap1*AHSC mice also exhibited reduced expression of Yapl
and its target genes (Figs. 8A—C), as well as increased HSC senescence (Figs. 8D, F, G).
These Yapl-sensitive state changes in MFs were also accompanied by decreased liver injury
and fibrosis (Figs. 8E, G, H). To further investigate the generalizability of Yapl’s effects on
HSC communities during chronic liver injury, we fed another cohort of Yap1*AHSC mice

a methionine choline deficient (MCD) diet for 7 weeks and tamoxifen was given in the

last 2 weeks. MCD diets induce progressive liver atrophy and severe fibrosis, and hence,
model exhaustion of effective regenerative responses as occurs in decompensated cirrhosis.
(24) Selective Yapl deletion also induced HSC senescence and reduced liver injury and
fibrosis in this model (Suppl. Fig. 14). Finally, we performed GSEA of a recently published
bulk RNA-seq dataset comparing the transcriptomes of Yap1 ~/~ vs Yap1 */* HSCs isolated
from CCl4-treated mice (GSE212042).(23) Importantly, this analysis revealed that selective
Yapl deletion in HSCs in the fibrotic liver reduces HSC fibrogenesis, causes cell cycle
arrest, induces a robust senescence-associated secretory phenotype (SASP) and dramatically
alters the gene signatures/pathways involved in apoptosis and ferroptosis (Suppl. Fig. 15).
Therefore, the aggregate experimental data generated by us and others using various liver
fibrosis models are consistent and together, prove that YAP is a master regulator of HSC
state transitions and thereby, death susceptibility and senescence.

DISCUSSION

Progressive liver fibrosis is mediated by outgrowth of fibrogenic MF-HSCs and thus,
considerable research has been devoted to identifying interventions that eliminate or
inactivate these cells.(1) Our studies show that MF-HSC can be removed safely during
liver injury by selectively depleting Yap in the MF-HSC population, and have two major
messages. First, Yap determines whether MF-HSCs remain activated (i.e., proliferative) or
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become senescent (i.e., replicatively quiescent). Second, by regulating this state transition,
Yap controls both HSC fibrogenic activity and susceptibility to distinct mechanisms for

cell death. These related findings have therapeutic relevance because fibrogenic MF-HSC
populations must be constrained in order to prevent progressive liver fibrosis but: /) there is
not yet an effective strategy to selectively eliminate fibrogenic HSCs during liver injury and
/) there has been conflicting information regarding the utility of targeting senescent HSCs to
achieve that objective.

Our findings in cultured HSCs demonstrated that MF-HSCs require Yap to evade senescence
and retain their proliferative and maximally fibrogenic phenotype. Directly silencing Yap in
MF-HSC induces expression of p21 and causes the cells to revert to a less fibrogenic, more
senescent phenotype. During this process, the HSCs also induce GPX4, and they become
dependent on anti-apoptotic defenses to remain viable. Conversely, simply over-expressing
p21 (or damaging DNA) to trigger senescence in MF-HSCs, suppresses Yap, up-regulates
GPX4, and represses the myofibroblastic phenotype. Together, these findings reveal a self-
re-enforcing negative feed-back mechanism that enables senescing HSC to maintain their
senescent phenotype. To determine if Yap-regulated transitions in HSC state, and the related
differences in susceptibility to ferroptosis and apoptosis, could be leveraged to reconfigure
HSC communities to become less fibrogenic during chronic liver injury, we evaluated the
effect of inducing either ferroptosis or apoptosis in CCl-treated mice.

We expected interventions that compromise HSC defense against ferroptosis would be
particularly lethal for MF-HSC with high Yap activity, while senescing HSC with low

Yap activity would be particularly vulnerable to agents that inhibit Bcl2 family members

to promote apoptosis. Therefore, we predicted that liver fibrosis would be improved

by inducing ferroptosis but worsened by stimulating apoptosis. However, liver injury

and fibrosis were both exacerbated when mice with chronic CCls-induced liver damage
were treated with cysteinase. In retrospect, the exacerbated liver damage that occurred

when ferroptosis-inducers were administered during chronic CCl, exposure might have
been anticipated since others have reported that hepatocytes become sensitized to lethal
lipotoxicity (i.e., ferroptosis) in this model.(25) Similar to many types of chronic liver injury,
repeated exposure to CCly enriches the microenvironment with TGF-f and we recently
reported that treating primary hepatocytes with TGF-p rapidly and dramatically reduces
their ability to survive treatment with various ferroptosis inducers that have little effect on
the viability of vehicle-treated hepatocytes (including erastin and its derivative imidazole
ketone erastin, IKE).(10) Our prior work also demonstrated that erastin and IKE failed to
improve liver fibrosis and like cysteinase in the current study, exacerbated liver injury in

the CCly liver fibrosis model.(10) Importantly, IKE had similarly detrimental effects on

liver injury and fibrosis in mice with BDL-driven liver fibrosis.(10) Together, these data
suggest that various types of chronic liver injury evoke conserved mechanisms that sensitize
hepatocytes to ferroptosis. Thus, ferroptosis inducing drugs exacerbate liver epithelial injury,
amplifying hepatocyte-derived injury-related signals that promote accumulation of MF-HSC
and perpetuate liver fibrosis. Evidence that the ferroptosis inducers were unable to block
outgrowth of MF-HSC communities during liver injury, despite effectively limiting MF-
HSC growth /n vitro, also suggests that factors in injured livers may shield MF-HSCs

from ferroptosis. Similarly, agents that inhibit Bcl2 family members and induce apoptosis
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also exacerbated liver injury and worsened liver fibrosis in the chronic CCly liver fibrosis
model. Interestingly, although these agents were effective at eliminating senescing MF-HSC
in vitro, senescence markers were not significantly depleted in mice with chronic CCly-
related liver injury. The latter result was unexpected and may reflect, at least in part, the
systemically-administered agent’s ability to suppress anti-apoptotic defense mechanisms in
hepatocytes as Bcl-xL and Mcl-1 are known to maintain hepatocyte integrity in development
and disruption of Bcl-xL was reported to trigger continuous hepatocyte apoptosis and
progressive liver fibrosis in adult mice.(26-28) In any case, the fact that neither agent that
effectively induced lethality in cultured MF-HSCs was able to improve liver fibrosis when
systemically administered prompted us to evaluate the utility of a more targeted approach to
manipulate YAP-regulated state transitions in MF-HSC in vivo.

Yap1"AHSC mice with selective deletion of YAP in aSMA-expressing cells (24, 29)

were subjected to three different models of chronic liver injury in order to determine

how MF-HSC-specific disruption of YAP at different time points during the fibrogenic
process impacts ultimate recovery from ongoing liver injury. We found that selective,
targeted disruption of YAP in MF-HSCs in mice during liver injury reproducibly and
significantly reduced the accumulation of MF-HSCs and improved both liver injury and
fibrosis irrespective of: /) the epithelial cell type that was the initial target of injury (i.e.,
cholangiocytes in the BDL model vs hepatocytes in the CCl, and MCD diet models), or /i)
the predominant zonal localization of the injury (zone 1 in the BDL model, versus zone 3

in CCl, model, versus pan lobular in the MCD diet model), or //i) the relative duration of
fibrogenic stress and resultant enrichment of the MF-HSC population with freshly-activated-
(BDL model) versus maximally myofibroblastic- (CCl4 model) versus senescing- (MCD
diet model) MF-HSCs. Importantly, targeted disruption of Yap in MF-HSCs in intact livers
re-capitulates the biology that occurs when Yap is directly silenced in cultured MF-HSCs.
Moreover, our analysis of publicly available RNA-seq datasets (4, 23, 30) independently
corroborate our findings by demonstrating that Yap-depleted HSCs that are isolated from
fibrotic livers have activated pathways that promote senescence and suppressed pathways
that promote fibrogenesis. Other independent studies of primary HSCs from fibrotic livers
reveal that Yap signaling is one of the most down-regulated pathways in both senescent and
“reverted” MF-HSC populations (4, 30) and confirm that various approaches the inhibit Yap
improve liver fibrosis. (23) Together, these findings are remarkably consistent and strongly
support the concept that accumulation of Yap-depleted, senescent HSCs in injured livers
improves recovery from liver damage by reducing injury and arresting/reversing fibrosis
progression. While this conclusion seems to diametrically oppose a recent publication

that reported liver fibrosis was /improved by depleting senescent HSCs, differences in the
specificity of the targeting approaches may explain the discordant results. The latter study by
Amor et al. (7) used CAR-T cells to target uPAR, a protein that was thought to be expressed
specifically on the surface of HSCs. However, a publicly-available ScRNA-seq analysis of
liver cells demonstrates that uPAR (encoded by PLAUR) is highly expressed in Kupffer cells
and modestly expressed in cholangiocytes and endothelial cells (proteinatlas.org/search/
plaur). Therefore, the findings reported by Amor et al. must be interpreted with caution.

In contrast, it is generally agreed that MF-HSCs are the predominant cell type that expresses
aSMA in injured livers, with very minor contributions from vascular smooth muscle cells.
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(1) Further, we have characterized the a SMA-CreERT? strain (24) that was used to target
MF-HSCs in the current study, confirmed its specificity for MF-HSCs, and demonstrated
that the resultant effects on liver pathology reflect its actions in MF-HSCs.

In summary, we proved that deleting YAP in MF-HSCs induces their senescence and

that accumulation of senescent HSCs prevents liver fibrosis regardless of the localization,
severity, or duration of liver injury. By regulating state transitions in HSCs, Yap also controls
HSC susceptibility to distinct programs for different types of regulated cell death. Because
other liver cell types also become vulnerable to these death programs during injury, more
research is needed to determine whether the latter discovery can be leveraged to delete
activated MF-HSCs and thereby reconfigure HSC communities to become less fibrogenic.
Nevertheless, the concept that reconfiguring HSC communities in fibrotic livers can restore
healthy liver parenchyma sparks optimism that fibrosis can be improved during chronic
liver diseases for which primary treatments for the liver epithelial injury are lacking. Thus,
HSC-selective manipulation of signaling mechanisms that control HSC senescence is a
promising novel strategy to improve outcomes of chronic liver disease.
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Fig. 1. YAP mediates HSC ferroptosis susceptibility.
(A-D) LX2 cells were grown at low density (< 30% confluence) or high density (100%

confluence) and some were treated with erastin or RSL3 for 48h. (A) YAP localization.
(B) YAP and p-YAP in total cell lysates, cytosolic and nucleus fractions. (C) Expression
of Hippo-YAP pathway target genes. (D) Cell viability in low or high cell density cultures
treated with indicated doses of erastin or RSL3. *p<0.05 vs low cell density. (E-F) LX2
cells were treated with nontargeting RNA (siNT) or small interfering RNA targeting either
YAP (SiYAP) or TAZ (siTAZ). (E) Protein expression of YAP, TAZ and myofibroblast
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or proliferation markers. (F) Viability of cells treated with indicated doses of erastin or
RSL3. *p<0.05 vs SiNT. (G-K) LX2 cells were treated with TGFp or vehicle for 48h;
erastin or vehicle were added for another 48h. (G) Expression of MF-HSC markers. (H)
Ferroptosis susceptibility. (I) GSEA enrichment plot of YAP1-driven-ECM-axis pathway

in TGFpB-treated HSCs in RNA-seq dataset GSE11954. (J) Increased expression of YAP
target genes in TGFp-treated HSCs. (K) Differential effects of YAP vs TAZ knockdown on
TGFB-induced ferroptosis sensitivity. *p<0.05 vs vehicle ctrl. # p<0.05 vs TGFp + siNT.

(L) HSC ferroptosis sensitivity tracks with mesenchymal status. Data are graphed as mean +
sem of n=3-5 assays/group.

Hepatology. Author manuscript; available in PMC 2023 August 11.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnue Joyiny

Du et al.

Page 18
A B A c S
—— Si-NT EENS 14 .:{"? o \?'1"
X ® <P ke oV x 9
EPE Y g |~ sPat - P21 P21
P21 o (21kD) T EI(ZWD)
(21kD) 8 1.00 0.01 1509 SN 1.00 0.01 )
= B-tubulin 8 -= si-YAP B-tubulin
1.00 2.70 1.31 z e (51kD) = —+— si-YAP & si-P21 (51kD)
B-tubulin ) % S 1004
(51kD) = * =
3 2
T T *I T .f:’ 50 #
1 2 3 4 <
Erastin ) b
D E o 3 ———r——t
0 2 4 6 8
150 £ »
£ S ek 5 Erastin (M)
o = UC2288 =X
= ) W
o o %
g 10 = _\x\« ) :{P‘? é\:lo,ﬂ%
z 2 # ) =y ,‘\\
$ g = Si-YAP & UC2288 YAP (78KD)
= = 100 002 0.02
o
(&)
o1 2 3 4 0+ T T P21 (21kD)
Erastin (M) 0 o . 4 1.00 893 455
Erastin (g\) B-tubulin (51kD)
G - Ctrl P21 plasmid H "
3 -+ P21 plasmid EPN (21kD) g ~ Ctrl
§ 1.00 69.33 \‘: -~ P21 plasmid
S B-tubulin (51kD) 8 100
z z
3 2 s0 *
> >
= * =
o o
T T T T T T 1
2 4 6 0.0 0.5 1.0 1.5
Erastin (@) RSL3 (M)
| i GPX4 J Ctrl | Erastin
% —E— o siNT si-NT si-YAP si-TAZ! si-NT si-YAP si-TAZ
c . o 3
G 1.4 * si-YAP t
S " oy - I
g | . gri [= — == — GPX4 (17kD)
s 1.00 094 _ 1.10 | 020 044 _ 024
.
g 1.0 |- Rl -: — |P21 (21kD)
.
€ o.s- 100 141  1.06 § 0.09 064  0.01
: | - J— | B-tubulin (51kD)
Ctrl Erastin !
K L
e S " Hippo-YAP
§ 1.6 R Veh TGFp ippo-
s RPN
% RS S P21 (21kD)
2 1.4 - 1
s P21 (21kD) ] 1.00 0.49 7
é’ 1.2+ 1.00 2.26 g GPX4 (17kD)
& 1.0 GPX4 (17kD) < 1.00 049
o 1.00 1.67 & B-tubulin (51kD)  Gpx4 activity
e < -tubulin (51kD)
ens\w sty B
\_o‘Nd “\g\\de

ctrl  TGFp

Ferroptosis

Fig. 2. YAP controlsferroptosis sensitivity of HSCs by regulating P21-GPX4 axis.
(A) Knock-down YAP but not TAZ by siRNA increased P21 expression. (B, C) Inhibiting

P21 by siRNA increased HSC ferroptosis sensitivity and partially abolished YAP-depletion
induced ferroptosis resistance. (D, E, F) Inhibiting P21 by pharmacological inhibitor
UC2288 increased HSC ferroptosis sensitivity and partially abolished ferroptosis resistance
induced by YAP-depletion. (G, H) P21 overexpression decreased HSC sensitivity to erastin
or RSL3 induced ferroptosis. (I, J) Knock-down YAP but not TAZ maintained P21 and
GPX4 expression during erastin treatment. (K) High cell density increased P21 and GPX4
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expression. (L) TGFp treatment decreased P21 and GPX4 expression. (M) Hippo-YAP

pathway activity determines ferroptosis sensitivity in HSCs by regulating P21-GPX4 axis.
Data are graphed as mean £ sem of n=3-5 assays/group. *p<0.05 vs siNT (B, 1), or empty
vector ctrl (G, H), or low cell density (K), or vehicle ctrl (D, L). # p<0.05 vs siYAP (C, E).
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Fig. 3. YAP deficiency in MF-HSCs induces senescence and differential sensitivity to ferroptosis
and pro-apoptotic senolytics.

LX2 cells or primary human HSCs were treated with nontargeting RNA (siNT) or small
interfering RNA targeting either YAP (siYAP) or TAZ (SiTAZ) for 7 days. LX2 cells: (A,

B) Representative SA-p-Gal staining and quantification of positive stained cells. (C, D, E)
YAP, but not TAZ, deficiency upregulated SASP factors, Bcl2 family proteins and sensitivity
to ABT-263. Primary human HSCs: (F) Effect of YAP and/or TAZ deficiency on the
expression of indicated proteins. (G) SA-B-Gal staining and corresponding quantification.
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(H) YAP and TAZ deficiency induced expression of SASP factors. (1) Cells were treated
with indicated doses of erastin or ABT263 for 2 days, and cell viability was measured by
CCKS8 assay. Data are graphed as mean £ sem of n=3-5 assays/group. *p<0.05 vs siNT;
#p<0.05 vs siYAP and SiTAZ.
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Fig 4. Senescent HSCs exhibit impaired YAP/TAZ activity, decreased sensitivity to ferroptosis
but increased sensitivity to Bcl2 inhibitor-based senalytics.

LX2 cells were treated with 250nM etoposide or P21 plasmid for 7 days to induce

HSC senescence. (A) SA-B-Gal staining and quantification of positively stained cells.

(B) Expression of SASP factors. (C) Expression of P21, YAP and TAZ. (D) Expression

of YAP/TAZ target genes. (E, F) Comparison of cell viability of etoposide-treated

HSCs treated with indicated doses of erastin or ABT-263. *p<0.05 vs ctrl. (G-I) P21
overexpression (OE) by P21 plasmid vector increased SA-p-Gal staining, upregulated SASP
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factors and increased susceptibility to senolytics ABT263 and A-1331852. *p<0.05 vs ctrl
empty vector. Data are graphed as mean + sem of n=3-5 samples/group.
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Fig. 5. Cysteine depletion increasesliver injury and exacer bates liver fibrosis.
C57BL/6J male mice were treated with corn oil vehicle or CCl, for 4 weeks, and

cyst(e)inase or its vehicle was administered i.p. during the final 2 weeks. (A, B) Serum
levels of AST and bilirubin. (C, D) Representative images of liver sections stained for H&E,
TUNEL and corresponding quantification of TUNEL positive hepatocytes. (E) mMRNA
expression of liver fibrosis markers. (F, G) Representative images of liver sections stained
for Sirius red, aSMA and desmin and corresponding quantification of the positive IHC
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stained area. Data are graphed as mean = sem (n=3 mice/group in corn oil groups, and n=7
mice/group in CCl, groups). *p<0.05 vs corn oil; #p<0.05 vs CCl, + veh.
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Fig. 6. Systemic administration of senolytic A-1331852 exacer bates liver injury and fibrosis.
C57BL/6J male mice were treated with corn oil vehicle or CCl, for 6 weeks, and senolytic

A-1331852 was orally administered during the final 2 weeks. (A, B) Serum levels of ALT
and AST. (C, D) Representative images of liver sections stained for H&E, a SMA and
Sirius red and corresponding quantification of positively stained areas. (E, F, G) Expression
of MF-HSC and liver fibrosis markers and p21. (H, 1) Representative staining for HSC
senescence (SA-B-Gal* & Desmin*) and quantification of SA-B-Gal* areas. (J) Expression
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of p16, p21 and SASP factors. Data are graphed as mean + sem (n=4-5 mice/group).
*p<0.05 vs CCly + veh.
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Fig 7. Selective YAP depletion in MF-HSCs induces senescence and protects against BDL
-induced liver injury, fibrosisand ductular reaction.

aSMA-CreERT2 x Yap1floX/flox mice were subjected to sham or BDL surgery for 14

days to promote MF-HSC accumulation and liver fibrosis. Tamoxifen or its vehicle

was intraperitoneally administered every other day from day 4 until liver tissue was
harvested. (A, B) Expression of Yapl and its target genes. (C, D) Yapl and aSMA
co-immunofluorescence staining and quantification of the double positive cells. (E)
Quantification of SA-pB-Gal positively-stained areas. (F) mRNA expression of SASP factors.
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(G) Representative staining for HSC senescence (SA-B-Gal* & Desmin® as indicated

by arrows), liver histology (H&E), MF-HSC accumulation and liver fibrosis (Sirius Red,
aSMA, desmin), and ductular reaction (CK7 and CK19). (H) Serum levels of ALT, AST and
bilirubin to assess liver injury. (I, J) Quantification of the IHC positive area in staining of
Sirius Red, aSMA, desmin, CK7 or CK19. Data are graphed as mean + sem of n= 4 in sham
mice and n=6-7 mice /group in BDL mice. *p<0.05 vs sham, #p<0.05 vs Yap1flox/flox mijce
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Fig 8. Selective YAP depletion in MF-HSCs induces senescence and protects against CClg4-
induced liver injury and fibrosis.

aSMA-CreERT2 x Yap1flox/flox mice were treated with CCl, for 6 weeks. Tamoxifen or its
vehicle was intraperitoneally administered every other day in the last two weeks. (A, B)
Yapl and aSMA co-immunofluorescence staining and quantification of the double positive
cells. (C, D) Expression of Yap1 target genes and SASP factors. (E) Serum levels of

ALT and AST. (F, G) Representative staining for HSC senescence (SA-B-Gal*Desmin* as
indicated by arrows) and quantification of SA-B-Gal positively-stained areas and markers
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of liver fibrosis (Sirius Red, aSMA, desmin). (H) Representative staining for liver fibrosis
markers (Sirius Red, aSMA, desmin). Data are graphed as mean + sem of n=6-7 mice /
group. *p<0.05 vs Yap1flox/flox mice
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