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Abstract

Activated hepatocytes are hypothesized to be a major source of signals that drive cirrhosis, but the
biochemical pathways that convert hepatocytes into such a state are unclear. We examined the role
of the Hippo pathway transcriptional coactivators, YAP/TAZ in hepatocytes to facilitate cell-cell
interactions that stimulate liver inflammation and fibrosis. Using a variety of genetic, metabolic
and liver injury models in mice, we manipulated Hippo signaling in hepatocytes and examined its
effects in non-parenchymal cells to promote liver inflammation and fibrosis. YAP expressing
hepatocytes rapidly and potently activate the expression of proteins that promote fibrosis
(COL1A1L, TIMP1, PDGFc, TGFB2) and inflammation (TNF, IL1B). They stimulate expansion of
myofibroblasts and immune cells followed by aggressive liver fibrosis. In contrast, hepatocyte-
specific YAP and YAP/TAZ knockouts exhibit limited myofibroblast expansion, less
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inflammation, and decreased fibrosis after carbon tetrachloride injury despite a similar degree of
necrosis as controls. We identified CYR61 as a chemokine that is upregulated by hepatocytes
during liver injury but is expressed at significantly lower levels in mice with hepatocyte-specific
deletion of YAP or TAZ. Gain and loss of function experiments with CYRG61 /n vivo point to it
being a key chemokine controlling liver fibrosis and inflammation in the context of YAP/TAZ.
There is a direct correlation between levels of YAP/TAZ and CYR6L1 in liver tissues of high-grade
NASH patients.

Conclusion—L.iver injury in mice and humans increases levels of YAP/TAZ/CYRG61 in
hepatocytes, thus attracting macrophages to the liver to promote inflammation and fibrosis.
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INTRODUCTION

An estimated 3.9 million American adults have chronic liver disease with liver failure being
among the top five causes of adult death in the United States(1) and the United Kingdom(2).
Worldwide, approximately 50 million people are affected by chronic liver disease with an
estimated 1.3 million people dying of liver disease in 2015(3). While there are diverse
causes of chronic liver disease, long-term liver stress and injury likely lead to pathologic
remodeling along common biochemical pathways. Understanding the contribution of these
pathways to liver disease is a first step to developing therapies that may span a wide variety
of conditions.

Hepatocytes form the metabolic and detoxifying workhorse of the liver. They are one of the
first cells to encounter small molecules and infectious particles absorbed across the intestine
and because of this, they are subjected to tremendous biochemical stresses. There is an
emerging consensus that such stress leads to the dedifferentiation of hepatocytes and is a
major source of liver cancer(4). Hepatocyte death is thought to elicit the release of signaling
molecules, leading to liver inflammation and myofibroblast activation(5, 6). This can lead to
liver fibrosis and eventually, cirrhosis. Some investigators have suggested that secretion of
inflammatory signals can also occur from activated hepatocytes(7, 8), but the underlying
mechanism(s) that switch hepatocytes into such a state remain unclear.

There has been great interest in the Hippo signaling pathway because it is a critical regulator
of liver size(9) and is an important tumor suppressor pathway that is mutated in a number of
human cancers including HCC(10, 11). The Hippo pathway tightly regulates the proteins
YAP/TAZ, transcriptional co-activators that act as a gatekeepers controlling proliferation and
growth(9). YAP consistently is enriched in liver disease including non-alcoholic
steatohepatitis (NASH)(12), biliary atresia(13), and primary sclerosing cholangitis(14). The
signals that cause YAP to be elevated as well as the consequence of this enrichment is a
matter of debate. In addition, YAP is consistently enriched in multiple cell types within
diseased tissue. The precise role(s) that YAP plays likely differ depending on the cell type
during the evolution of liver disease.
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Previously, we defined that the Hippo signaling pathway is a critical determinant
maintaining hepatocyte fate in the liver(15). We primarily focused on the role of hepatocyte
Hippo signaling in controlling a stem cell-like fate, but in that study, we often noted that
other cell types were rapidly recruited and proliferated in response to our hepatocyte-specific
manipulations. From these observations, we hypothesize that there are non-cell autonomous
effects of hepatocyte YAP levels, which influence the local microenvironment leading to
chronic inflammation, cirrhosis and cancer.

Here, we demonstrate that hepatocyte levels of YAP and/or TAZ are directly related to the
degree of liver inflammation and fibrosis and the macrophage chemoattractant Cyr61 is
consistently responsive to YAP/TAZ levels across multiple scenarios. Cyr61 loss in the
context of YAP overexpression results in a marked reduction in liver weight, macrophage
proportion, and myofibroblast expansion. Cyr61 is a key Hippo Pathway target downstream
of YAP/TAZ(16), acting as one of the earliest inflammatory signals after hepatocyte injury.

MATERIALS AND METHODS

Murine Lines

Tetracycline-inducible YAP S127A(TetOYap)(17), conditional YAP floxed(18), conditional
TAZ floxed(19), conditional insulin receptor/insulin-like growth factor 1 receptor mice(20)
were used in this study. Conditional reverse tetracycline activator, tdTomato and EYFP mice
were obtained from the Jackson Laboratories(Bar Harbor, ME). CYR61-EGFP reporter mice
were obtained from The GENSAT Project(www.gensat.org). Experiments were performed
beginning at eight to twelve weeks of age. Male and female mice were used in the YAP
inducible portion of the study. Models using various forms of injury(CCl,, CDE, IR/IGFR)
were analyzed using only male mice. A minimum of three mice were examined for each
displayed result. All mouse procedures and protocols were approved by an AAALAC-
accredited facility.

Adeno-associated Viral(AAV) Gene Delivery, YAP Overexpression, Macrophage Depletion,
Cyr61 Expression, Cas9-mediated Cyr61 Deletion

AAV-TBG-LacZ(AAV-LacZ, Cat# AV-8-PV0142) or AAV-TBG-Cre(AAV-Cre, Cat# AV-8-
PV1091) were purchased from the University of Pennsylvania Vector Core. The indicated
genotypes were infected through retro-orbital injections of 1011 pfu/mouse to achieve
infection of >99% of hepatocytes or 108 pfu/mouse in the case of clonal analysis. YAP
expression is induced in TetOYAP animals 3 days after AAV-Cre delivery by providing
doxycycline(1 mg/ml) ad libitum in their drinking water. In order to deplete monocytes/
macrophages from TetOYAP mice, a 200 pl intravenous injection of either PBS or
clodronate liposomes(Encapsula Nanoscience, Cat# NC0302518) were given to mice the
day prior to doxycycline administration. Injections were repeated every three days until
sacrifice.

To exogenously express Cyr61, human Cyr61 replaced EGFP in AAV-TBG-EGFP
(Addgene.org,Cat# 105535). This vector was packaged by Vector Biolabs(Malvern, PA) and
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injected at a concentration of 3.5x101 per mouse. AAV-TBG-EGFP was delivered at equal
concentrations as controls.

To perform in vivo deletion of hepatocyte Cyr61, a pair of single guide RNAs(sgRNA)
targeting Cyr61 were designed(sgCyr61-1: CTTCTCCACTTGACCAGACTG, sgCyr61-3:
CTCAGCCCTGCGACCACACCA) and cloned into pX602-AAV-TBG-
saCas9(Addgene.org, Cat# 61593). AAV was co-injected into TetOYAP mice at equimolar
concentrations to AAV-TBG-Cre. Control virus(\Vector Biolabs, Cat# 7131) with AAV-TBG-
Cre was delivered to TetOYAP mice as controls. YAP expression was induced as above.

Additional methods are found in the Supplemental Methods.

Increased Hepatocyte YAP Activity Leads to Rapid aSMA* Myofibroblast Activation,
Inflammation and Fibrosis

We examined how varying intracellular hepatocytic YAP levels affects their interactions with
the microenvironment by utilizing a previously described method of inducible hepatocyte-
specific YAP expression(15). This system combines intravenous delivery of a hepatocyte-
specific Cre-recombinase(AAV-Cre) into mice containing inducible alleles for tetracycline-
inducible expression of YAP S127A, a constitutive-active form of YAP(TetOYAP)(17) and a
reverse tetracycline-controlled transactivator(rtTA) (Figure S1A). One week after
doxycycline administration, aSMA* myofibroblasts emerged from the portal area and
continued to expand in the ensuing weeks (Figure 1A, aSMA). Collagen deposition was
first seen around the portal tracts two weeks after TetOYAP induction (YAP-Tg) and
continued to aggressively expand outward from the portal areas of YAP-Tg livers,
dominating more than 70% of the liver parenchyma at 6 weeks (Figure 1A, Collagen, Figure
S1B).

We then examined the relationship of hepatocytes expressing YAP with aSMA*
myofibroblasts by tracing EYFP expression after AAV-Cre infection. By staining for EYFP/
aSMA and panCK/aSMA, we could identify that the Yap-Tg cells were distinct from
aSMA* myofibroblasts. In comparison, a SMA* myofibroblasts displayed considerable
overlap with Desmin® cells, suggesting that a large proportion are hepatic stellate cells
(Figure 1B).

Inflammation is commonly associated with the development of liver fibrosis(21, 22), so we
studied if there was an increase in immune cells in the liver shortly after YAP-Tg, but prior
to the development of fibrosis. By immunohistochemistry(IHC), there was a profound
increase in monocytes as identified by F4/80* two weeks after doxycycline administration
(Figure 1C). One week after YAP-Tg, flow cytometry identified a nearly 3-fold increase in
the proportion of liver neutrophils (6.5% vs 20.9%, n=8, p<0.001) and macrophages (8.9%
vs 25.9%, n=10, p<0.001) in YAP-Tg as compared to control mice (Figure 1D).

Because of the increased myofibroblast activity and the rapid expansion of immune cells in
YAP-Tq livers prior to the visible deposition of collagen, we assessed if there was an
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accumulation of proinflammatory/profibrotic signals. We confirmed YAP-T(g activity five
days after doxycycline administration by examining a number of reported Hippo target
genes (Figure S1C). In particular, the Hippo target and profibrotic ligand CTGF could be
easily detected by gPCR as well as by RNA in situ hybridization(RISH) throughout the liver
parenchyma (Figure S1D). In these mice, there was a gradual increase in markers of fibrosis
by gPCR at 4 weeks. Additionally, as YAP levels increased, there was an enrichment of
ligands associated with inflammation and fibrosis, with a concomitant decrease in the anti-
inflammatory cytokine, IL-10, which persisted over time (Figure S1E).

In order to assess the contribution of inflammation to the development of fibrosis, we
targeted monocytes/macrophages for depletion because they have been previously
implicated in the development of liver fibrosis(23, 24). Yap-Tg mice given clodronate
liposomes reduced liver monocytes/macrophages by 99% (p<0.001) over control Yap-Tg
mice. In parallel Collal (87%, p<0.04) and TIMP1 (94%, p<0.02) were reduced (Figure
1E). Less aSMA activation was present in Yap-Tg/clodronate mice (Figure 1F/G) as well as
a concomitant reduction in fibrosis (Figure 1G).

Next, we titrated AAV-Cre delivery to observe clonal behavior and better understand how
YAP-Tg cells interact with their microenvironment /n situ. Clonal analysis demonstrated that
YAP-Tg cells are tightly associated with a SMA* and F4/80% cells at 4 and 8 weeks (Figure
2A, Figure S2A). Others have suggested that YAP overexpression can stimulate epithelial to
mesenchymal transition (EMT) (25, 26), which could contribute to fibrosis. At 4 and 8
weeks, YAP-Tg cells showed 1% and 0.5% of EYFP/aSMA™ cells, respectively (Figure
S2A). Sox9" cells co-expressed SMA™ at 2% and 1% at 4 and 8 weeks, respectively (Figure
S2B). We examined RNA microarray data from sorted YAP-Tg cells at 1 and 6 weeks after
induction (15). It confirmed our prior report of strong and increasing expression of ductal
markers in YAP-Tg cells (Figure S2C), but with respect to EMT, we found no significant
change in fibroblast markers over time (Figure S2D).

YAP-Tg cells were also enriched in mRNA transcripts of secreted ligands by RISH (Figure
2B). We confirmed that YAP-Tg cells could be a source of secreted cyto/chemokines by
comparing purified populations of normal hepatocytes and YAP-Tg expressing cells (Figure
2C). Two weeks of YAP-Tg expression did not significantly affect the expression of several
hepatocyte associated genes (Figure S2E) but did potently affect the expression of several
known Hippo target genes (Figure 2D). These YAP-Tg cells express high levels of several
secreted genes associated with fibrosis (TGFp2, PDGFc) and inflammation (IL-1p, TNFa.,
Figure 2E). These data suggest that hepatocytes that upregulate YAP become a source of
secreted signals to recruit and activate myofibroblasts and immune cells.

Chronic Liver Injury Leads to Elevated YAP/TAZ Activity

We examined several mouse models of chronic liver injury to define the degree and effect
physiologic injury leads to elevated hepatocytic YAP and TAZ levels. Chronic carbon
tetrachloride (CCl,) administration results in broad increase in YAP and TAZ expression
throughout the liver parenchyma via IHC (Figure 3A) as well as Western blotting (Figure
3B). We assessed if YAP expression is associated with EMT upon CCly injury. At baseline,
no YAP/aSMA* cells were found (Figure S3A). In acute and chronic injury, YAP/aSMA™*
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cells increased to 3% (1x CCly, n=1215) and 2% (7x CCly, n=1376), respectively (Figure
S3A). We also assessed panCK/aSMA™ at the indicated timepoints, finding 0%, 0% and
3.7% panCK/aSMA™ at 0, 1x and 7x CCly (Figure S3B).

Then, we examined the choline-deficient ethionine (CDE) supplemented diet model, which
mimics alcoholic liver disease. CDE diet demonstrated clear enrichment of YAP in
hepatocytes (Figure 3C). YAP and TAZ expression appeared maximal seven days after
introduction of the diet with a modest reduction by 14 days, albeit still elevated over baseline
(Figure 3D). Finally, we examined a previously described metabolic model of lipodystrophy
that results in livers with the characteristics of non-alcoholic steatohepatitis (NASH). In this
model, floxed alleles of the insulin receptor (IR) and insulin-like growth factor-1 receptor
(IGFR) are removed in adipocytes resulting in defective lipid uptake. These mice display
several metabolic features of NASH including hyperglycemia, hyperlipidemia and
hyperinsulinism(20). These mice have severe bridging fibrosis with an associated elevation
in hepatocyte YAP levels (Figure 3E). We confirmed by Western blotting broad increases in
YAP and TAZ (Figure 3F), and that several target genes of the Hippo pathway were elevated
in their livers (Figure 3G). Under multiple forms of toxic and metabolic injury, increased
hepatocyte levels and activity of YAP/TAZ are associated with the development of liver
inflammation and fibrosis.

Reduction in Hepatocyte YAP/TAZ Levels Attenuates Liver Inflammation and Fibrosis.

In order to determine the contribution of hepatocyte YAP/TAZ activity to liver remodeling
during chronic injury, we generated mice with hepatocyte-specific deletion of Yap fl/fl
(YKO) or Yap/Taz fl/fl (DKO) with AAV-Cre followed by CCly, treatment. Hepatocyte-
specific deletion of YAP and/or TAZ was verified by immunostaining (Figure 4A) and
immunoblotting (Figure 4B). As controls, we delivered AAV-LacZ to homozygous Yap fl/f
mice (Control) and treated them in a similar fashion to experimental mice.

YAP/TAZ overexpression during regeneration is well known to drive anti-apoptotic and
proliferative gene programs (27, 28), therefore loss of these molecules, particularly in the
context of injury and regeneration, should lead to reduced proliferation. Using 5-ethynyl-2’-
deoxyuridine (EdU) incorporation as a proxy for cell division, we did not a detect a
difference in the rate of proliferation between control and YKO livers during homeostasis
(Data not shown). In contrast, hepatocyte proliferation was reduced by 67% in YKO mice
after CCly injury (p<0.01, Figure 4C).

Cellular injury and death results in the release of damage-associated molecular patterns
(DAMPs) which activate myofibroblasts and immune cells, leading to inflammation and
fibrosis(29). In CCl, treated YKO livers, there was a modest, but insignificant increase in
necrosis (Figure S4A, 14% vs 10.6%) and alanine aminotransferase (ALT) levels (Figure
S3B, 790 vs 596). However, we observed that YKO and DKO mice had 50% and 58% less
collagen deposition than controls, respectively (p<0.001). YKO and DKO were not
significantly different from each other (Figure 5A). a SMA* myofibroblasts were reduced in
YKO and DKO as compared to controls with a SMA* myofibroblasts consistently
accumulating around the central venous areas. The typical bridging phenotype for aSMA*
myofibroblasts was not evident in the YKO or DKO groups (Figure 5B).
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Several studies have implicated liver inflammation, particularly macrophage infiltration, as a
strong contributor to the development of liver fibrosis(23, 24), therefore we examined if
inflammation was affected in the livers of YKO and DKO models of chronic CCly4 treatment.
Immunostaining demonstrated an overall reduction in liver monocytes of YKO and DKO
genotypes as compared to controls (Figure 5C). We confirmed by flow cytometry that this
primarily was from a reduced percentage of macrophages in YKO mouse livers as compared
to controls (Figure 5D, 20.2% vs. 12.7%). The percentage of liver neutrophils showed no
difference as compared to controls (Figure S3C, 25% vs 28.1%). This data suggests that
activated hepatocytes secrete signals through YAP/TAZ, which direct the activity of immune
and myofibroblasts to remodel the liver after chronic injury.

Hepatocyte gene expression programs define Liver Regeneration and Extracellular
Remodeling

In order to distinguish gene programs and, ultimately, the individual gene targets that could
be responsible for the inflammatory and fibrotic phenotypes involved with hepatocyte-
specific YAP and YAP/TAZ knockouts, we generated RNA-seq libraries from the
hepatocytes of uninjured control, DKO, chronic CCly-treated control and DKO mice(Figure
6A). Principal component analysis (PCA) defined the primary determinants of differences
between samples as the presence of YAP/TAZ and/or their exposure to CCl4(PC1, 50%;
PC2, 15%). All samples showed a clear separation into their respective treatment
conditions(Figure 6B). DKO/CCly4 treated samples had the highest median per-gene TPM
variance(0.616) while other hepatocyte treatments displayed a lower median per-gene TPM
variance(0.123-0.193). We found 1749 genes that showed a p<0.05 and were at least two-
fold differentially expressed between conditions (Figure 6C).

In hepatocytes, untreated DKO resulted in 287 differentially expressed genes (149
Upregulated, 138 Downregulated) compared to untreated control. Consistent with a known
role for YAP/TAZ in mitotic spindle assembly, DNA checkpoint control, and cell fate
determination(15, 30, 31), we found gene programs including Mitotic Cytokinesis
(G0:0000281; NES = -2.17) to be downregulated and Cell Fate Determination
(GO:0001709; NES = 1.8) to be upregulated (Figure 6D). CCl, injury in control animals
demonstrated 289 upregulated and 75 downregulated genes compared to untreated control, a
majority which were involved in phagocytosis (GO:0006911; NES = 2.2), extracellular
matrix organization (GO:0030198; NES = 1.89) and leukocyte migration (GO:0002688;
NES = 1.8; Figure S5A).

In comparing Ctl/CCl, injury to DKO/CCly injury, there was a total of 1749 differentially
expressed genes (1256 upregulated, 493 downregulated). YAP/TAZ are typically described
as transcriptional coactivators, so in the context of injury it was unanticipated that their loss
resulted in: 1) A larger number of upregulated genes in DKO/CCly4 as compared to Ctl/CCly
and, 2) Of the genes shared by Ctl/CCl, and DKO/CCly, their expression is higher in the
DKO/CCly4 group (Figure 6C). We confirmed that DKO/CCly injury results in higher levels
of gene expression than Ctl/CCl4 by comparing independent whole liver qPCR for Apoa4,
Lcn2 and Lyz2 (Figure S5B).
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DKO to DKO/CCI, demonstrated that the most differentially expressed gene programs to be
a combination involved in immune cell migration and chromosome checkpoint regulation
(Figure S5C). When comparing gene programs associated with Ctl/CCl, to DKO/CCly, we
found metabolic programs to be more prominent in the DKO/CClIy4 scenario while immune
migratory programs predominated in the Ctl/CCl,4 condition, specifically Myeloid Leukocyte
Migration (GO:0097529; NES -2.5). This bioinformatic profiling is consistent with the
finding of fewer monocytes in DKO/CCly, livers as compared to Ctl/CCl, (Figure 5C/D).

RNA-seq profiling of live hepatocytes revealed that under conditions of stress, such as in
CCly injury or loss of YAP/TAZ, hepatocytes actively participate in moderating liver
inflammation and myofibroblast activation. Many of these injury response programs involve
signaling through the Hippo pathway. We found YAP/TAZ plays a role in dampening and
moderating the variability of gene expression in the context of CCl, injury. These data point
to hepatocytes having a transcriptionally active response to injury, acting as a central
coordinator for extracellular activities involved in liver regeneration.

Hepatocyte-derived Cyr61 is Primarily Regulated by the Hippo Pathway and is a Key
Macrophage Chemoattractant in CCl, Liver Injury

From our RNA-seq hepatocyte profiling, we sought to identify chemokines which would be
activated in response to CCly injury and whose expression would be blunted in the context
of YAP/TAZ knockout, similar to YAP and TAZ (Figure S6A). We examined chemokines
previously described as Hippo Pathway target genes as well as pro-inflammatory genes we
observed to be increased in the context of hepatocyte-specific YAP-Tg. After injury, these
genes showed either low or significantly increased levels of expression despite the loss of
YAP/TAZ (Figure S6B). This suggests that in this context, these genes either do not
significantly contribute to the inflammatory/fibrotic phenotype induced by CCl, or are
primarily regulated by other signaling pathways. The only cytokine found to satisfy the
expression criteria outlined above was the glycoprotein Cyr61 (Figure 7A).

Using Cyr61-EGFP reporter mice, we examined the localization and expression of Cyr61
after CCly injury. Hepatocytes in the central region, areas where inflammatory infiltrates are
predominantly found had upregulated Cyr61 expression after CCly injury (Figure 7B).
Soluble Cyr61 increased the migration of the macrophage cell line, RAW264.7 by nearly
two-fold using /n vitro transwell assays (0.98 vs 1.93, p<0.04; Figure S7A). We then
examined the consequence of hepatocyte-expressed Cyr61, independent of injury by
infecting mice with hepatocyte-specific AAV-Cyr61. As compared to EGFP infected mice,
the livers of AAV-Cyr61 mice upregulated SMA and F4/80 expression (Figure 7C). We
confirmed that macrophages were enriched in Cyr61 livers over controls (0.6 vs 1.6%,
p<0.02, Figure S7B) by flow cytometry.

We then examined if loss of Cyr61 could abrogate the inflammatory and fibrotic effect of
induced YAP expression. We used CRISPR/Cas9 to genetically knock out Cyr61 in our
inducible TetOYAP model (YAP-Tg/sgCyr61). We delivered hepatocyte specific AAV-
saCas9 containing either control or Cyr61 sgRNAs along with AAV-Cre followed by
doxycycline administration. YAP-Tg/sgCyr61 livers were 14% smaller than YAP-Tg after
one week of TetOYAP induction (n=6/group; p=0.01) and 29% smaller than after two weeks
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of induction (n=5/group; p=0.002). All YAP-Tg groups were consistently larger than control
mice (Figure 7D). We confirmed YAP induction and Cyr61 deletion in the YAP-Tg/sgCyr61
groups by immunoblotting their livers (Figure 7E). Between YAP-Tg and YAP-Tg/sgCyr61
cohorts, we did not find a significant difference in proliferation (9.9/100 vs 6.9/100 pH3*
nuclei) or YAP expression between the two (Figure S7C), indicating the observed difference
in size is not a result of differential proliferation.

We then focused on the hypothesis that Cyr61 is a key macrophage chemoattractant of the
Hippo pathway. YAP-Tg/sgCyr61 livers had fewer monocytes by immunohistochemistry
than YAP-Tqg livers(Figure 7F, F4/80), which we confirmed by flow cytometry (Figure 7G,
32.8% vs 20.7%, p<0.05), at two weeks after YAP induction. « SMA and F4/80 were
diminished by immunoblotting (Figure 7E) and immunostaining(Figure 7F). There was also
a significant reduction in fibrotic markers in YAP-Tg/sgCyr61 as compared to YAP-Tg at
two weeks after YAP induction (Figure 7H).

Finally, to document a direct correlation in human patients between the degree of liver
inflammation/fibrosis and YAP/TAZ/CYR61 expression, we examined the livers of a cohort
of control and NASH patients. Patients were characterized as either control or NASH
histology groups (n=10, each) by a clinical pathologist (Supplemental Table 1). Liver
samples from these patients were immunostained for YAP and the hepatocyte marker
HNF4a. Several fields of hepatocytes in both conditions were examined and scored for the
frequency of nuclear YAP localization in HNF4a.™ cells. Patients with NASH commonly
displayed double positive nuclei than control patients (Figure 8A, 0.66 vs 0.13, p<0.001).

Immunostaining for YAP/TAZ consistently showed intense hepatocytic staining for these
molecules, particularly enriched along areas of fibrosis/inflammation (Figure 8B).
Performing RISH for CYRG61 in these samples showed a strong direct correlation for both
YAP/CYR61 (R? 0.83, p<0.001) and TAZ/CYR61 (R? 0.75, p<0.001). qPCR on these liver
samples revealed TAZ/CYR61 to have a modest, significant correlation (Figure S8, R2 0.49,
p<0.02). This data strongly supports that hepatocyte signaling through the Hippo pathway
effectors YAP/TAZ leads to the expression of key chemokines such as CYR61. Increased
CYR®61 expression stimulates and recruits liver macrophages which support the development
of liver fibrosis.

DISCUSSION

In response to organ injury, there is a complex dance that cells orchestrate to result in
functional regeneration. YAP/TAZ have a long established role in regulating cell
proliferation and survival(17, 27, 32) and are increasingly being recognized to have other
roles such as controlling cellular metabolism(33, 34). These primarily are cell autonomous
activities, but proper organ regeneration also requires coordinating critical non-cell
autonomous activities, including the removal of dead/dying cells, generation of new
extracellular matrices and defining cell/organ polarity.

Here, we show that in chronic liver injury hepatocyte YAP/TAZ activity increases resulting
in proliferation. In the context of YAP as well as YAP/TAZ deletion, there was a reduction in
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macrophage recruitment, defective myofibroblast activation, and less fibrosis, despite similar
degrees of necrosis. DAMPs released by cellular necrosis are proposed to be an important
component of inflammatory/fibrotic signaling in chronic injury(5, 35), but in the context
YAP/TAZ loss, there was less inflammation and fibrosis despite similar degrees of DAMP
release. We examined the expression levels of known DAMPs such as HMGBL1 in our
YAP/TAZ knockout model and did not note significant expression differences (Data not
shown). DAMP release from dying hepatocytes appears to stimulate a certain degree of
inflammation/fibroblast activation, which we believe is supplemented by signals from other
sources, such as YAP/TAZ activated cells.

Persistent YAP/TAZ activity causes hepatocytes to dedifferentiate into biliary cells (15, 36)
with accumulating evidence that such a process occurs across many forms of chronic liver
injury (37-39). In this study, we targeted hepatocytes prior to YAP/TAZ induction or liver
injury, thus we are unable to distinguish the contribution of hepatocytes versus their
transdifferentiated progeny to inflammation and fibrosis. As the phenotype and the activity
with which they contribute to fibrosis likely differ, potential studies targeting YAP, TAZ, or
CYR®61 in preexisting liver disease can offer critical insights into their prospective utility and
feasibility.

Furthermore, YAP/TAZ activity causes EMT(25, 26, 40) which potentially can drive
collagen deposition. In response to persistent YAP expression in both YAP-Tg and CCly
injury models, a small number of cells appeared double positive for epithelial and fibroblast
markers, although no differences in EMT gene expression were seen in isolated epithelial
cells. Future studies will have to investigate if EMT is required for epithelial cells to
promote fibrosis under stress.

Conflicting evidence exists for positive and negative roles for YAP/TAZ in regulating
cellular immunity. Some studies suggest that YAP/TAZ antagonizes innate immune
responses (41, 42), while in the context of cancer, epithelial YAP/TAZ activity leads to
inflammation which is proposed to boost anti-tumoral responses(43) or promote tumor
development(44). The context of YAP/TAZ activation is a key determinant of the signals that
these activated hepatocytes secrete. In examining hepatocytes from a model of high
consistent YAP levels (YAP-Tg), we validated the presence of ligands such as Ctgf, Ccl2(44)
and TGFB1(45), previously described fibrotic/inflammatory targets downstream of YAP/
TAZ. In addition, we identified robust expression of other ligands strongly associated with
inflammation and fibrosis (PDGFc, IL1B, TNFa). Conversely, liver injury where hepatocytic
YAP/TAZ activation is more modest and brief, we were unable to identify the presence of
these ligands despite a phenotype consistent with elevated YAP activity.

The only ligand that was consistently expressed in a pattern that could explain both
scenarios was the glycoprotein Cyr61. Cyr61 is one of the most consistently reported Hippo
pathway gene targets(16) and has been described as a macrophage chemoattractant in non-
alcoholic steatohepatitis (46). Our experiments in manipulating Cyr61 expression in the
context of increased YAP expression demonstrate that Cyr61 is one of the earliest and
consistent Hippo targets to promote macrophage recruitment to areas of injury. Macrophage
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number and phenotype are known contributors to liver fibrosis(23, 24) which likely account
for the reduction in fibrosis in YAP and YAP/TAZ knockout mice.

Across multiple forms of liver injury, we identified an enrichment of hepatocytic YAP/TAZ
suggesting that this is a common injury response. Our lipodystrophic mouse model, which
mimics the lipotoxicity seen in NASH exhibits increases in YAP and TAZ. The disease
severity in our cohort of NASH patients is directly related to hepatocytic YAP/TAZ/CYR61
levels. A recent study utilizing a diet induced model of NASH in mice reported that TAZ
activation of IHH transcription is primarily responsible for the fibrotic remodeling in
NASH(47). However, we found that a loss of YAP versus YAP/TAZ did not result in
significant phenotypic differences after chronic injury. Overall, we propose that it is the total
amount of cellular YAP/TAZ which determines the gene expression patterns that lead to
inflammation and fibrosis.

Finally, the most surprising insight of this study involves how hepatocytes transcriptionally
respond to injury in the absence of YAP/TAZ. Due to the perceived importance of YAP/TAZ
as transcriptional coactivators, we predicted that fewer genes and less gene activation would
occur in YAP/TAZ hepatocytes after injury. In contrast, we found a larger number, a higher
magnitude of gene expression and greater variability in the absence of YAP/TAZ. A variety
of mechanisms by which YAP/TAZ can moderate transcriptional activities have been
described. These include direct transcriptional repression through TEAD(48), secondary
repression through downstream microRNA targets(49), and direct association and
sequestration of YAP with p72, a regulatory component of the microprocessor complex (50).
Compared to control hepatocytes, DKO hepatocytes upregulated genes involved in
metabolism to a higher degree after injury, which may be an inefficient use of scarce cellular
resources during regeneration. Conversely, DKO hepatocytes did not activate genes
associated with immune cell migration as efficiently as control hepatocytes, leading to less
inflammation and fibrosis. Coupled with the higher variability in gene expression we
identified, YAP/TAZ play a critical role in orchestrating proper gene activation during
recovery.

YAP/TAZ are critical players in tissue regeneration, but their excessive activity can lead to
pathologic remodeling. Therapeutic inhibition of a multifunctional molecule such as
YAP/TAZ may lead to unwanted side-effects, so defining downstream YAP/TAZ targets such
as Cyr61 is critical to advancing precision medicine. Here, we defined that Cyr61 loss
ameliorates the inflammation and fibrosis from high YAP activity, while simultaneously
preserving a tissues’ proliferative capability.
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FIGURE 1. Hepatocyte-specific YAP expression activatesaSMA™ myofibroblasts and recr uits
immune cellsresulting in liver fibrosis

A. Timeline of AAV-Cre delivery to adult TetOYAP mice, induction of YAP-Tg expression

and subsequent sample collection. Representative a-smooth muscle actin (a¢SMA) and

collagen staining from livers of TetOYAP mice at the indicated timepoints after doxycycline

administration.

B. Confocal immunofluorescent liver staining of YAP-Tg mice after 2 weeks for the
indicated proteins. Boxed area in upper picture is enlarged in the image below.

C. Immunofluorescent F4/80 liver staining of Control and YAP-Tg mice after 2 weeks.
D. Representative flow cytometry of liver neutrophils (CD45*CD11b*Ly6G™) and

macrophages (CD45*CD11b*Ly6G~F4/80™) one week after YAP-Tg induction. Percentages
are of the gated population. Right, dot plots of all flow cytometry experiments (n=8, control;

n=9, YAP-TQ).

E. Dot plots of whole liver RT-gPCR of the noted genes after YAP-Tg or YAP-Tg mice

treated with clodronate (YAP-Tg/Clod) two weeks after induction. Horizontal line represents
the mean, each dot represents an experiment. Error bars indicate standard error. *p<0.05,

**n<0.01, ***p<0.001.

F. Immunoblots of the indicated proteins in YAP-Tg or YAP-Tg/Clod two weeks after

induction.

G. Representative aSMA and collagen stain of YAP-Tg and YAP-Tg/Clod two weeks after

YAP-Tg induction.
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FIGURE 2. Clonal YAP-Tg CellsIntimately Interact with Myofibroblasts and Immune Cells
A. Immunofluorescent staining of either aSMA, Sox9, or F4/80 in clonal YAP-Tg

populations after 4 and 8 weeks. EYFP labels YAP-Tg cells if doxycycline is administered.
B. Clonal analysis of control versus YAP-Tg cells after various time points for Ctgf and
Cyr61 using RISH. EYFP labels YAP-Tg cells if doxycycline is administered.

C. Diagram/representative flow cytometry plots of strategy to isolate hepatocytes by
tdTomato* gene expression
D. gPCR dot plots of Hippo pathway target genes from sorted tdTomato™ hepatocytes.

E. gPCR dot plots of cyto/chemokines from control (Ctl) and YAP-Tg hepatocytes after 2
weeks of YAP-Tg expression. **p<0.01 ***p<0.001. Horizontal line represents the mean,
each dot represents an experiment.
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FIGURE 3. Multiple Forms of Toxic/Metabolic Liver Injury Lead to Increasesin YAP/TAZ

A. Chronic CCly treatment diagram and IHC for YAP expression after chronic CCly

treatment.
B. Whole liver immunoblot of YAP and TAZ after chronic CCl, treatment.
C. CDE diet administration diagram and IHC for YAP expression after one week treatment.

D. Whole liver immunoblot of YAP, and TAZ after CDE treatment for 7 and 14 days.

E. IHC for YAP expression in Adiponectin-Cre IR/IGFR mice and littermate controls at 12

months of age. Associated picrosirius red staining is seen below each IHC staining.

F. Whole liver YAP/TAZ immunoblots of IR/IGFR mice.
G. Dot plots of whole liver gRT-PCR of littermate control and IR/IGFR mice at 12 months
(n=3, each).

For immunoblots, Ratio indicates relative enrichment of indicated protein after
normalization to GAPDH. *p<0.05, **p<0.01. Error bars indicate standard error of the

mean.
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FIGURE 4. YAP and TAZ are Predominantly Found within Hepatocytes of the Liver
A. Experimental design of Yap fl/fYKO) or Yap/Taz fl/fDKO) hepatocyte knockout and

chronic CCl, treatment. Controls-YKO mice given AAV-LacZ. Representative YAP IHC of
the indicated treatments. Box indicates chronic CCl, treatment.

B. Whole liver immunoblot of YAP, TAZ, and GAPDH after the indicated chronic CCly
treatments.

C. Representative tdTomato (Red) and EdU (Green) staining in Control and YKO mice
subjected to a single dose of CCly. Dot plot to the right indicates the relative number of EdU
* cells per tdTomato* population for each treatment (n=4, each). **p<0.01. Error bars
indicate standard error of the mean.
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FIGURE 5. Loss of Hepatocyte YAP or YAP/TAZ attenuates Liver Fibrosisafter CClg Injury
A. Representative Picro-Sirius Red staining of mice from the indicated genotypes after

chronic CCly treatment. Dot plot to the right indicates quantification of collagen staining per
unit area.

B. Representative a SMA staining of mice from the indicated genotypes after chronic CCly
treatment.

C. Representative F4/80 staining of mice from the indicated genotypes after chronic CCly
treatment.

D. Representative flow cytometry of liver macrophages one day after chronic CCly
treatment. Percentages in the graph are of the gated population. Dot plot to the right of all
performed experiments (n=5, each). Horizontal line represents the mean, each dot represents
an experiment. Bars above each graph indicate standard error of the mean. **p<0.01,
***n<0.001.
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FIGURE 6. After Injury, YKO Hepatocytes Express More M etabolic and Fewer Immune Cell

Migratory Programsthan Controls
A. Treatment strategy diagram to analyze hepatocytes by RNA-seq.

B. Principal component analysis (PCA) of the indicated treatments.

C. Heat map of 1749 differentially expressed genes from the indicated treatments.

D. Top and bottom differentially expressed gene programs identified by GSEA for Ctl vs

DKO.

E. Top and bottom differentially expressed gene programs identified by GSEA for Ctl/CCly

vs DKO/CCly
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FIGURE 7. Cyr61 isthe Primary Macrophage Chemoattractant Target of the Hippo Pathway
A. Cyr61 mRNA hepatocyte expression under the indicated conditions. Transcripts per

million base pairs (TPM).

B. Representative EGFP staining of control and Cyr61-EGFP reporter mouse after chronic
CCl, treatment. Asterisk marks central vein. Dotted line indicates area of EGFP™ cells.

C. Strategy for either EGFP or Cyr61 expression in hepatocytes using AAV-TBG-EGFP or
AAV-TBG-Cyr61. Below are whole-liver immunoblots of Cyr61, aSMA, F4/80, and B-actin
for the indicated treatments one week after infection.

D. Strategy for Cyr61 deletion utilizing AAV-TBG-saCas9/Cyr61 sgRNAs delivered to
TetOYAP mice with AAV-Cre. Middle: Gross pictures of Control, YAP-Tg, and YAP-Tg/
sgCyr61 livers two weeks after YAP induction. Lower: Graph of relative weight between
YAP-Tg and YAP-Tg/sgCyr61 livers at the indicated times (1 week, n=6/group; 2 week,
n=5/group).

E. Immunoblots of control, YAP-Tg, YAP-Tg/sgCyr61 whole livers for Cyr61, aSMA,
F4/80, YAP, and B-actin after 2 weeks of TetOYAP induction.

F. Representative immunostaining of YAP-Tg and YAP-Tg/sgCyr61 mice for F4/80 and
aSMA after 2 weeks of TetOYAP induction.

G. Representative flow cytometry of liver macrophages in YAP-Tg and YAP-Tg/sgCyr61
liver after 2 weeks TetOYAP induction. Percentages shown are of gated population. Dot plot
to the right of all performed experiments (n=5, each). Horizontal line represents the mean,
each dot represents and experiment. Bars above each graph indicate standard error of the
mean.

H. Dot plots of Col1A1 and Timpl expression by RT-gPCR from YAP-Tg and Yap-Tg/
sgCyr61 whole livers at 2 weeks after TetOYAP induction. *p<0.05, **p<0.01, ***p<0.001
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FIGURE 8. High Clinical NASH Activity Scoresare Directly Associated with YAP/TAZ/CYR61
Expression

A. Immunostaining of representative human livers with low and high NASH activity for
YAP and HNF4a.. Right, dot plot quantification of each patient for YAP* nuclei/HNF4a*.
Arrowheads indicate double positive cells.

B. Immunostaining (YAP, TAZ) or RISH (CYR61) of a cohort of human livers with low and
high NASH activity (n=10, each) showing representative staining for each group. Graphs to
the right show the relationship of YAP or TAZ immunostaining of each subject with respect
to CYRG61 expression. ***p<0.001
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