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BACKGROUND AND AIMS: The Hippo pathway and its
downstream effectors YAP and TAZ (YAP/TAZ) are her-
alded as important regulators of organ growth and regen-
eration. However, different studies provided contradictory
conclusions about their role during regeneration of
different organs, ranging from promoting proliferation to
inhibiting it. Here we resolve the function of YAP/TAZ
during regeneration of the liver, where Hippo’s role in
growth control has been studied most intensely.
METHODS: We evaluated liver regeneration after carbon
tetrachloride toxic liver injury in mice with conditional
deletion of Yap/Taz in hepatocytes and/or biliary epithelial
cells, and measured the behavior of different cell types
during regeneration by histology, RNA sequencing, and
flow cytometry. RESULTS: We found that YAP/TAZ were
activated in hepatocytes in response to carbon

tetrachloride toxic injury. However, their targeted deletion
in adult hepatocytes did not noticeably impair liver
regeneration. In contrast, Yap/Taz deletion in adult bile
ducts caused severe defects and delay in liver regenera-
tion. Mechanistically, we showed that Yap/Taz mutant
bile ducts degenerated, causing cholestasis, which stalled
the recruitment of phagocytic macrophages and the
removal of cellular corpses from injury sites. Elevated
bile acids activated pregnane X receptor, which was
sufficient to recapitulate the phenotype observed in mutant
mice. CONCLUSIONS: Our data show that YAP/TAZ
are practically dispensable in hepatocytes for liver devel-
opment and regeneration. Rather, YAP/TAZ play an indirect

role in liver regeneration by preserving bile duct
integrity and securing immune cell recruitment and
function.
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he liver has a remarkable capacity to regenerate,

which can be impaired by age and disease. Under-
standing mechanisms that impair liver regeneration can
ultimately enable us to develop new therapies that prompt
the liver, and possibly other organs, to regain and enhance
their ability to regenerate.

The Hippo pathway is heralded as a key regulator of
organ growth and regeneration.’ Its downstream effectors,
the transcriptional co-activators YAP and its homolog TAZ,
associate with TEA domain transcription factors (TEAD1-4)
to induce the expression of target genes that drive cell
proliferation and organ growth." Experimental hyper-
activation of YAP/TAZ by their overexpression or by dele-
tion of the upstream negative regulators MST1/2 or the
LATS1/2 can trigger overgrowth of many organs in mice.' In
contrast to these effects, however, deletion of Yap/Taz often
has little impact on organ growth. In the liver, for example,
experimental hyperactivation of YAP triggered hepatocyte
hyperproliferation and dramatic liver overgrowth,’ but
conditional deletion of Yap (and Taz) during embryonic
liver development did not impair hepatocyte proliferation
and liver growth.”® Notably, YAP/TAZ are the central
transducers of the Hippo pathway because deletion of Yap/
Taz suppressed the tissue overgrowths caused by deletion
of the Mst1/2 or Lats1/2 kinases.*® The lack of growth
defects in Yap/Taz mutants is not due to incomplete aboli-
tion of Hippo output. Therefore, although excessive YAP/
TAZ activity can drive overgrowth, Hippo output is not
required for normal growth.

In contrast to embryonic development, it appears that
YAP/TAZ are essential for regeneration in different organs,
where they can play an instructive role in driving regener-
ative cell proliferation.1 In the liver, YAP is transiently

in hepatocytes improved liver regrowth after partial hepa-
tectomy.'“!> Conversely, liver-specific deletion of Yap (and
Taz) reduced and/or delayed regenerative cell proliferation
of hepatocytes after different types of liver damage, such as
that caused by partial hepatectomy, toxic liver injury, and bile
duct ligation (BDL).>"~*'°'® However, the severity of the
observed regeneration defects was highly inconsistent
between different studies, ranging from no obvious effects
to delayed regeneration. These ambiguous results might
be explained by the different knockout methods employed.
For example, embryonic deletion of Yap/Taz with the
liver-specific Alb-Cre driver resulted in strong regenera-
tion delays,” but weaker phenotypes were reported when
Yap was deleted in adult hepatocytes by hepatocyte-
specific small interfering RNAs or by AAV8-Cre, which
specifically transduces hepatocytes.”'® Notably, Alb-Cre
starts to be active in embryonic liver precursor cells, the
hepatoblasts, which give rise to hepatocytes and biliary
epithelial cells (BECs).'” Therefore, the regeneration de-
fects in Alb-Cre Yap/Taz mice could be caused by primary
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WHAT YOU NEED TO KNOW

BACKGROUND AND CONTEXT

The Hippo pathway and its effectors YAP and TAZ are
heralded as important regulators of organ growth and
regeneration. However, the role of YAP and TAZ in liver
regeneration is not resolved.

NEW FINDINGS

Contrary to current belief, we found that YAP and TAZ are
not required for the proliferation of hepatocytes during
liver regeneration. Rather, loss of YAP and TAZ in biliary
epithelial cells caused bile duct deterioration, which
secondarily impaired liver regeneration.

LIMITATIONS

This study was performed in the mouse. Further studies
are required to determine whether YAP and TAZ
function similarly during human liver regeneration.

IMPACT

Our study identifies the function of a main growth control
pathway, the Hippo pathway, during liver regeneration,
and corrects a widely misconceived importance for this
pathway in driving the regenerative proliferation of
hepatocytes.

defects during liver development and/or in mature he-
patocytes or BECs. In addition, YAP and TAZ can func-
tionally compensate for each other, which could explain
weaker phenotypes in single mutants. Because of this, the
functions of YAP/TAZ in different liver cell types during
hepatocyte regeneration remain unresolved. However, the
role of YAP/TAZ for the regeneration of bile ducts is well
established. YAP is cell autonomously required in BECs for
their proliferative expansion and in hepatocytes for their
reprogramming towards a BEC-like fate during a ductular
reaction.”***? Altogether, it is not resolved how YAP/TAZ
contributes to liver regeneration.

Material and Methods

A detailed description of the Material and Methods can be
found in the Supplementary Material.

Mouse Strains

AIbumin-Cre;Yapﬂ"x/ﬂ"x;Tazﬂ"X/ﬂ”X mice, Osteopontin-
iCreER™; Yap/"*/f1o%, TaZz"*/f1°X mice and tdTomato reporter lines
were generated by crossing Yap™/1%%; Taz"*/°* (generated by
Erik Olson) or Rosa26-loxP-STOP-loxP-tdTomato (R26-LSL-
tdTom) mice to Alb-Cre and Opn-iCreER™ mice. C57BI/6 mice
were from Charles River. Mouse experiments, housing, and

Abbreviations used in this paper: BDL, bile duct ligation; BEC, biliary
epithelial cell; cCasp3, cleaved caspase 3; CCl,, carbon tetrachloride;
FXR, Farnesoid X receptor; KC, Kupffer cell; MDM, monocyte-derived
macrophage; PXR, pregnane X receptor; TBlue, Trypan Blue.
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feeding conditions were approved by the Institutional Ethical
Commission for Animal Research at Katholieke Universiteit
Leuven.

Allele Deletion

Tamoxifen (Sanbio, catalog no. 13258) was intraperitone-
ally injected on 5 consecutive days (1.6 mg/kg in oil), followed
by a 3-week washout period. AAV8 expressing Cre recombinase
under a hepatocyte-specific promoter (AAV8.TBG.PI.Cre.rBG;
UPenn AV-8-PV1091) was injected intravenously (5 x 10!
gene copies in phosphate-buffered saline).

Immunofluorescent Staining

Livers were embedded in 4% agarose and sectioned using a
Vibratome (100 pm). Sections were permeabilized in 0.5%
TritonX-100, blocked in 3% bovine serum albumin, and incu-
bated in primary antibodies overnight (Supplementary
Table 1). After incubation in secondary antibodies and 4/,6-
diamidino-2-phenylindole, sections were mounted and
analyzed by confocal microscopy. Images were processed in
Image] software with Bio-Formats Importer plug-in.

Dead Cell Marking

Dead cells were detected by IgG fluorescent staining on
liver sections® by 2-hour incubation with AlexaFluor 488 or
AlexaFluor 647 donkey-anti-mouse antibodies (Supplementary
Table 1). To mark dead cells in vivo, 100 uL of a 0.16% Trypan
Blue (TBlue) solution was intravenously injected and analyzed
by confocal microscopy.

Quantifications and Statistics

Injury area was quantified using Image] software by
counting pixels with IgG or TBlue signals per total area, and
cleaved Caspase 3 (cCasp3) pixels were counted per IgG pixels.
For quantifications of Ki677, cytokeratin 19", or tdTomato™
cells, 3 sections per mouse and at least 3 mice were analyzed
using Image] Cell Counter plugin. Statistical analyses (Student ¢
test or Mann-Whitney U test) were performed using Prism8
software (GraphPad) and presented as mean + SEM after
determining normality by Shapiro-Wilk test. A P value of .05
was considered statistically significant (*P < .05, **P < .01,
P < .001, and ****P < .0001).

Results

YAP and TAZ Are Activated in Hepatocytes in
Response to Toxic Liver Injury

In the noninjured liver, YAP is expressed in BECs and
endothelial cells, but is barely detectable in hepatocytes
(Figure 14; Supplementary Figure 1).*° However, YAP
accumulated in hepatocyte nuclei after acute liver injury
caused by a single injection of the liver toxin carbon tetra-
chloride (CCly) (Figure 1A4). CCly specifically Kkills pericentral
hepatocytes because they express Cyp2el, which is required
to metabolize CCl, into a toxic product (Supplementary
Figures 2 and 3).”' We visualized the area of necrotic he-
patocytes by staining with anti-mouse IgG secondary anti-
bodies?* and YAP was activated in living hepatocytes
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surrounding the injured areas (Figure 1A4). YAP levels
peaked at 24 hours after injury, and YAP levels or locali-
zation did not change in BECs and endothelial cells
(Figure 1B; Supplementary Figure 4). YAP and TAZ levels
were regulated through transcriptional and post-
translational mechanisms because regenerating livers had
increased levels of Yap and Taz messenger RNA at 8 hours
after injury (Figure 1C), and reduced levels of phosphory-
lated and inactive YAP at 24 hours after CCl; injection
(Figure 1B). Gene expression profiling of purified hepato-
cytes by RNA sequencing further showed that regenerating
hepatocytes at 48 hours after CCl, administration up-
regulated a set of genes that was highly enriched for a
YAP/TAZ target gene signature (Figure 1D and E). Corre-
spondingly, quantitative reverse transcription polymerase
chain reaction of whole liver extracts confirmed an up-
regulation of canonical YAP/TAZ target genes and progeni-
tor cell markers in regenerating livers compared with
normal livers (Figure 1F-I). Thus, YAP/TAZ were activated
in hepatocytes in response to toxic liver injury.

Yap and Taz Are Required for Liver Regeneration

To investigate the role of YAP/TAZ during liver regen-
eration, we deleted Yap and Taz in embryonic hepatoblasts,
the precursor cells for hepatocytes and BECs, using Alb-
Cre'” (Supplementary Figure 54 and B). The livers of adult
Alb-Cre;Yap"";Taz" mice (hereafter referred to as Yap/
TazF™™K%) had efficiently depleted YAP and TAZ, but had a
normal size with normal hepatocyte density and prolifera-
tion (Supplementary Figure 5C-K). They also had normal
liver zonation, revealed by glutamine synthetase and
Cyp2el expression, in contrast to previous reports
(Supplementary Figures 2 and 5F-K).*** However, Yap/
Taz"™""? livers had only few and largely disorganized bile
ducts, similar but stronger than the phenotype of Yap only
knockout (Supplementary Figures 5L and 6).°> Mutant mice
also had elevated serum levels of alanine aminotransferase,
indicating hepatocyte damage (Supplementary Figure 5M).
Thus, YAP/TAZ are dispensable for embryonic hepatocyte
proliferation and liver growth, but are essential for bile duct
development, as noted previously.®

We then injected adult Yap/Taz"™° mice with CCl,
(Supplementary Figure 7A). Their initial area of injury was
the same as in wild-type mice 24 hours after CCl, injection
(Figure 24 and B). However, injury was still present in Yap/
Taz"™"% mice 96 hours after CCl, injection, when wild-type
animals had largely restored their liver architecture
(Figure 2A and B). The areas of injury in Yap/Taz"m""K°
livers presented many dead hepatocytes that were positive
for the cell death marker cCasp3, which was barely detected
in wild-type controls (Figure 24 and C and Supplementary
Figure 7B). In addition, fewer hepatocytes proliferated in
Yap/Taz"™ ™ ° mice compared with controls, although the
timing of cell cycle re-entry and exit was similar
(Supplementary Figure 7C and D). Thus, proliferation started
at 24 hours after CCl, injection and returned back to baseline
at 96 hours, but only 22% of the living hepatocytes in Yap/
TazE™™K0 mice were positive for the proliferation marker
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Figure 1. YAP/TAZ are activated in hepatocytes after toxic injury. (A) Immunofluorescent detection of YAP on healthy and
injured mouse liver sections. Injured areas were marked by mouse IgG (which also marks endothelial cells) and nuclei by 4’,6-
diamidino-2-phenylindole (DAPI). Scale bars: 100 um. PV, portal vein. (B) Phospho-YAP (Ser-112), total YAP, TAZ, and Gapdh
proteins detected by Western blot on normal and regenerating livers. (C) Yap and Taz expression levels in regenerating livers
by quantitative reverse transcription polymerase chain reaction (QPCR). n = 3-6. (D) Gene set enrichment analysis plot showing
YAP/TAZ target gene distribution in regenerating hepatocytes (48 hours after CCl,) relative to normal hepatocytes. Up-
regulated genes are ranked on the /eft and down-regulated genes on the right. (E) Heatmap showing up-regulation of YAP/
TAZ signature genes in regenerating hepatocytes (48 hours after CCly) relative to normal hepatocytes. (F-/) Cyr61, Birc5, Sox9,
and «-fetoprotein (Afp) expression levels in regenerating livers by gPCR. n = 3-5. mRNA, messenger RNA.
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Ki67 at the peak of proliferation, and in wild-type mice this
was 52% (Supplementary Figure 7C and D). Nevertheless,
Yap/Taz mutants eventually restored normal tissue archi-
tecture after 192 hours (Supplementary Figure 7B). Thus,
embryonic deletion of Yap/Taz in hepatoblasts did not pre-
vent liver regeneration, but doubled its length.

Yap and Taz Are Required in Biliary Epithelial
Cells But Not Hepatocytes for Liver Regeneration

Because YAP/TAZ are activated in regenerating hepato-
cytes and are already active in BECs during normal ho-
meostasis, we separately determined their function in adult
hepatocytes and BECs during liver regeneration. First, we
conditionally deleted Yap and Taz from adult hepatocytes
using an AAV8 that expresses Cre under a hepatocyte-
specific promoter (hereafter called AAV-Cre). AAV-Cre was
exquisitely efficient and specific for hepatocytes and trig-
gered tdTomato expression from the R26-LoxP-STOP-LoxP-
tdTomato (R26-LSL-tdTom) reporter transgene in 99.8% of
hepatocytes without labeling any BECs (Supplementary
Figure 84 and B). AAV-Cre injection into adult Yap"Taz""
mice (hereafter referred to as Yap/Taz'®*°) strongly
reduced Yap and Taz messenger RNA levels in hepatocytes
3 weeks after knockout (Supplementary Figure 8C and D).
Yap/Taz"™*° mutant mice had normal liver morphology,
zonation, and function (Supplementary Figure 8E-H). Sur-
prisingly, they also properly regenerated liver injuries
caused by CCl, and partial hepatectomy with normal levels
of hepatocyte proliferation (Figure 2 and Supplementary
Figures 9 and 10).

We then deleted Yap and Taz from BECs in adult mice
using the inducible Osteopontin-iCreER™ (Opn-iCreER™)
driver. Opn-iCreER™ triggered tdTomato expression from
the R26-LSL-tdTom reporter in 100% of cytokeratin 19
expressing BECs, but in virtually no hepatocytes after 5 days
of tamoxifen injections (Supplementary Figure 114).%%
Tamoxifen injections into Opn-iCreERTZ;Yapﬂ/ﬂTazﬂ/ﬂ mice
(hereafter called Yap/TazE¢* ) resulted in robust reduc-
tion of YAP and TAZ protein levels in BECs 3 weeks after the
start of tamoxifen injections (Supplementary Figure 11B).
Such Yap/TazP “*° mice had strong liver regeneration de-
fects; they had lingering injury beyond 96 hours after CCl,
injection, drastically elevated levels of cCasp3-positive cells
throughout regeneration, and reduced hepatocyte prolifer-
ation, despite unaltered YAP/TAZ expression in hepatocytes
(Figure 2 and Supplementary Figure 12). Consequently,
Yap/TaZBEC'KO mice only recovered after 192 hours, which is
twice as long as control and Yap/Taz"®"*° mice
(Supplementary Figure 12B). Deletion of Yap/Taz in adult
BECs thus phenocopied the regeneration defects observed
in Yap/TazE™"X% mice.

Yap and Taz Are Required to Maintain Bile Duct
Integrity and Function

To understand how deletion of Yap/Taz in bile ducts af-
fects liver regeneration, we first analyzed effects on bile duct
morphology and function. Visualization of the biliary tree by
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injecting china ink into the common bile duct revealed that
the biliary trees of Yap/Taz’*“*° and Yap/Taz"™"C livers
were truncated and less ramified than normal, and mainly
comprised large bile ducts (Figure 34). Removing Yap/Taz
from adult hepatocytes in addition to BECs did not modify
the phenotype (Supplementary Figure 13). We then quanti-
fied the percentage of portal areas containing bile ducts,
identifying portal veins by the absence of glutamine synthe-
tase expression when no bile ducts were present. While in
wild-type livers, nearly all portal areas had at least 1 bile
duct, <40% of portal areas had bile ducts in Yap/Taz mu-
tants (Figure 3B and (). Furthermore, the remaining bile
ducts in Yap/Taz®*“*© livers showed severe morphologic
defects; they had collapsed lumens, mislocalization of the
apical protein osteopontin, and decreased numbers of BECs
per duct (Figure 3D and E). Mutant BECs did not completely
lose cell polarity because other cell polarity markers, such as
atypical protein kinase C, E-cadherin, §-catenin, Claudin-3,
and the Golgi apparatus, localized properly (Figure 3E and
Supplementary Figure 14). Thus, deletion of Yap/Taz in adult
BECs caused a morphologic disorganization and loss of BECs
and bile ducts.

Defective bile ducts can result in cholestasis.?* Indeed,
mutant mice had elevated levels of bile acids in the serum,
which was more severe in Yap/Taz"""*° mice than in Yap/
TazP*“*°  mice, reflecting their stronger phenotype
(Figure 3F). Mutant mice had further characteristics of
cholestasis; they had high levels of circulating alanine
aminotransferase indicating hepatocyte injury, although
without obvious morphologic defects in hepatocytes
(Figure 3G), and their periportal hepatocytes down-regulated
the bile acid transporters Bsep and Mrp-2 (Supplementary
Figure 154 and B), which is an adaptive response to chole-
static injury that limits canalicular but promotes basolateral
secretion of bile acids into the blood stream.”””® Further-
more, hepatocytes of mutant mice up-regulated a cholestatic
gene expression profile (Supplementary Figure 16)*”*® and
down-regulated the expression of the canalicular cell adhe-
sion molecule Ceacam-1 (Supplementary Figure 15C), as
previously reported after bile acid overload.*’ Altogether,
these data show that loss of Yap/Taz in adult BECs causes
bile duct defects and cholestasis.

Cholestasis Recapitulates Liver Regeneration
Defects of Yap/Taz®ES™° Mice

To test whether elevated bile acids are sufficient to
mimic the regeneration defects of Yap/TazP®“*° mutant
mice, we induced cholestasis by BDL in wild-type mice. As
expected, BDL caused acute cholestasis with highly
increased levels of bile acids and alanine aminotransferase
in the blood serum, formation of bile lakes in the liver pa-
renchyma, and down-regulation of Bsep and Mrp-2
(Supplementary Figure 15). We then injected CCl, at 48
hours after BDL and monitored liver regeneration
(Figure 4A). These mice had defects in liver regeneration
similar to Yap/TazE¢*° and Yap/Taz"™""*° mutant mice.
They showed delayed regeneration with persisting areas of
necrotic hepatocytes, they had many cCasp3-positive cells in
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Figure 3. Loss of YAP and TAZ in BECs impairs bile duct integrity and causes cholestasis. (A) Caudate liver lobes from wild-
type and Yap/Taz knockout livers showing the biliary tree after retrograde ink injection into the common bile duct. Scale bars: 1
mm. (B) Immunofluorescent detection of cytokeratin 19 (CK19) and glutamine synthetase (GS) on liver sections from wild-type
and Yap/TazPE¢%% mice. Scale bars: 200 um. Asterisks: central veins. Arrowheads: portal veins. (C) Relative number of portal
regions containing lumenized bile ducts expressing CK19 and (D) absolute number of CK19-expressing cells per bile duct in
wild-type and knockout mice. n = 4. (E) Immunofluorescent detection of osteopontin (Opn) and 3-Catenin (8-Cat) on bile ducts
in liver sections from wild-type and Yap/TazP¢*© mice. Scale bars: 10 um. (F, G) Serum levels of bile acids (BAs) and alanine
aminotransferase (ALT) at 8 weeks of age (Yap/Taz"™"K© mice) or 3 weeks after tamoxifen (Yap/Taz®5¢© mice). n > 5. DAP,
4’ 6-diamidino-2-phenylindole.

injured areas, and they had fewer proliferating hepatocytes
compared with CCl,-treated, sham-operated mice, which
regenerated normally (Figure 4B-F). These results support
the hypothesis that cholestasis causes the liver regeneration
defects in mice with Yap/Taz mutant bile ducts.

d

Clearance of Necrotic Hepatocytes Is Impaired in
Yap/TazPECKC pMutant Mice

To understand the mechanisms of liver regeneration
defects in Yap/Taz"5“*° mutant mice, we investigated their
most conspicuous phenotype, namely, the persistence of

<«

Figure 2. Yap/Taz deletion in bile ducts causes liver regeneration defects. ({;\) H&E staining and immunofluorescent detection

of dead cells by IgG or cCasp3 staining in wild-type and Alb-Cre;Yap
Yap™-Taz"" plus tamoxifen (BEC-KO) after CCl,. Scale bars: 200 um. Asterisks: central veins. Arrowheads:

and Opn-CreER"™

- Taz"(Embr-KO), Yap™":Taz"" plus AAV-Cre (Hep-KO)

portal veins. (B) Quantification of total injury area (IgG staining) or (C) of apoptosis (cCasp3 staining) in livers treated with CCl,.

n = 3-4. DAPI, 4/,6-diamidino-2-phenylindole.
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Figure 4. Cholestasis impairs liver regeneration after toxic liver injury by inhibiting the removal of dead cell bodies. (A)
Schematic experimental outline. Eight-week-old C57BI/6 mice subjected to BDL were injected with CCl, at 48 hours after BDL.
Mice were sacrificed at 72 hours after CCl, administration. (B) H&E staining and immunofluorescent detection of IgG and
cCasp3 in livers from sham and BDL mice at 72 hours after CCl, treatment. Scale bars: 200 um. (C, D) Quantification of liver
injury area stained by IgG and cCasp3. n > 4. (E, F) Quantification and immunofluorescent staining of Ki67 and Hnf4«a
expression in proliferating hepatocytes from sham and BDL livers. Scale bars: 100 um. n = 4. (G) Quantification of injury area
(TBlue) after CCl, treatment. TBlue was administered at 24 hours after CCl, injection. n > 5. (H) In vivo tracing of injured liver
area by TBlue administered at 24 hours after CCl, injection. Scale bars: 100 um. Asterisks: central veins. Arrowheads: portal

veins. DAPI, 4’,6-diamidino-2-phenylindole.

large areas of dead hepatocytes. This could be a conse-
quence of impaired removal of dead hepatocytes or because
hepatocytes were continuously dying. To distinguish be-
tween these 2 possibilities, we performed a pulse-chase
experiment to monitor the dynamics of hepatocyte death.
We labeled dying cell corpses in vivo by TBlue injection
after CCl, injection, and then quantified the number of

TBlue™ cells still present at later time points. Importantly, a
control experiment showed that TBlue effectively labeled
dying hepatocytes that were present at the time of TBlue
injection, but none of those that were killed 24 hours after
TBlue injection or later (Supplementary Figure 17A4).
Therefore, TBlue circulation was short-lived and this
method can be used to track dead cells. TBlue also stained
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living immune and endothelial cells for unknown reasons
(Supplementary Figure 18), but these cells could easily be
recognized by their size and location and were excluded. We
then injected TBlue 24 hours after CCl; injection and
analyzed mice at later time points. Forty-eight hours after
CCl,, wild-type and Yap/TazPE“° livers contained many
IgG" dead cells, all of which were labeled with TBlue
(Figure 4G and H and Supplementary Figure 17B). However,
96 hours after CCl;, wild-type mice were healed and no
longer contained TBlue™ cells, whereas Yap/Taz"®“*° mu-
tants still had large numbers of TBlue™ cells (Figure 4G and
H). This result indicated that CCl, injection induced a single
wave of cell death in wild-type and Yap/Taz?*“*° mutants
and that mutant mice had lingering dead cell corpses
because they were not removed.

Yap/TazBE°° Mutants Have Impaired
Macrophage Recruitment and Polarization

Necrotic cell corpses are mainly removed by macro-
phages.*” In wild-type mice, the number of resident mac-
rophages (Kupffer cells [KCs]; F4/80"CD11b™) declined
during the initial phase after CCl,, but then reappeared and
accumulated around the regenerating regions at 72 hours
after CCl, (Figure 54-D and Supplementary Figure 194).*'
This reappearance of KCs was preceded by a dramatic
influx of infiltrating monocytes (F4/80™CD11b"Ly6C™) at
48 hours after CCly (Figure 5E and Supplementary
Figure 19B), which probably produced at least some of
the newly emerging macrophages at 72 hours.>* In contrast,
Yap/TazPE“*° mutants had markedly reduced numbers of
F4/80" macrophages in pericentral regions at 72 hours and
significantly less infiltrating monocytes compared to wild-
type (Figure 5A-E and Supplementary Figure 19B). Only
much later, at 144 hours after CCl,, mutant livers started to
accumulate F4/80" cells in the damaged areas (Figure 5D
and F). Mutant mice presented features of coagulating ne-
crosis, which is characterized by the preservation of dead
tissue for days and massive accumulation of macrophages.*”
These defects in monocyte recruitment were recapitulated
in wild-type mice after BDL combined with CCly, suggesting
that they are caused by cholestasis (Figure 5G). However,
neutrophil numbers were elevated in wild-type and Yap/
Taz"*“*? livers during injury, although mutants had higher
background numbers, possibly as a result of cholestasis
(Supplementary Figure 19B and C). We concluded that the
immune response was significantly delayed, although not
completely halted, in Yap/Taz?*“* livers.

In order to determine the importance of these macro-
phage defects for the mutant phenotypes, we injected
clodronate liposomes into wild-type mice, which effectively
depleted all macrophages (Supplementary Figure 204-C)
and then injected CCl; 24 hours later. Strikingly,
macrophage-depleted mice phenocopied the regeneration
defects of Yap/Taz"““*° mutant livers; they had lingering
corpses of necrotic hepatocytes marked by IgG, cCasp3, and
TBlue (Figure 64-C and Supplementary Figure 20D and E).
These results indicate that defective monocyte recruitment
and KC restoration caused the lack of necrotic cell clearance
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and subsequent regeneration defects in Yap/Taz®E¢*°

mutant mice.

We then investigated the polarization of monocyte-
derived macrophages (MDMs; F4/80™CD11b"Ly6C"8)
into pro-inflammatory M1-like macrophages and anti-
inflammatory M2-like macrophages that also remove
necrotic debris and facilitate tissue repair.”* We found that
the numbers of MDMs, as opposed to the effect on F4/80+
KCs, did not differ between wild-type and Yap/Taz®5¢*°
mutant livers (Supplementary Figure 19B-D). However, the
number of MDMs with M2 characteristics (high CD206
expression®”) increased at 72 hours after injury in wild-type
mice, but remained unchanged throughout liver regenera-
tion in Yap/TazP*“*° mice (Figure 6D and E). This pheno-
type was also confirmed by measuring mean fluorescence
intensity, which detected lower CD206 expression in mutant
mice compared with wild-type at 72 hours after CCly
(Figure 6F). However, the number of MDMs with M1 char-
acteristics (detected by CD38 high expression®®) did not
change in wild-type and mutant mice during the course of
liver regeneration (Supplementary Figure 19E-G).

Defects in macrophage activation were also detected at
the level of gene expression profiles by RNA sequencing of
purified macrophages. Before injury, gene expression pro-
files of macrophages from wild-type and mutant mice were
nearly identical. CCl, treatment caused up-regulation of 522
genes in macrophages of wild-type livers, but macrophages
of Yap/TazP*“*9 livers only up-regulated 303 of these genes
after CCl, (Figure 6G). Gene ontology terms for these 303
genes were strongly enriched for cell proliferation pro-
cesses. Interestingly, the remaining 219 genes that were
induced in macrophages from wild-type, but not mutant,
livers were associated with leukocyte activation and
migration (Figure 6G). More specifically, genes lacking in
macrophages of mutant livers play important roles in che-
moattraction of monocytes (II7r, Clec4d, Cd11c), M2 polari-
zation (Galectin-3, Mmp8, Chil3), actin remodeling, and
phagocytosis (Atp6v0d2, Slamf7/8, Gpnmb). Macrophages of
Yap/Taz®E¢° mice only partially responded to toxic injury,
as they induced genes involved in cell proliferation but
failed to activate genes important for immune cell migration,
clearance of cellular debris, and polarization towards
restorative macrophages. Our fluorescence-activated cell
sorting and RNA sequencing results showed that Yap/Taz-
BECKO mice were compromised in KC restoration and in the
activation and polarization of MDMs towards an M2-like,
restorative phenotype after CCl, injury. Both phenotypes
most likely contributed to the lack of necrotic cell clearance
and subsequent regeneration defects in Yap/TazPE¢ 0
mutant mice.

Pregnane X Receptor Activation Inhibits Immune
Cell Activation and Recruitment

We next investigated whether defects in hepatocyte
signaling could be responsible for impaired immune cell
recruitment and activation. We analyzed the transcrip-
tional profile of regenerating hepatocytes in wild-type and
Yap/TazPE“¥° livers at 48 hours after CCl, by RNA
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Figure 5. Yap/TazP5¢*© mutant mice have impaired macrophage recruitment during regeneration. (A) Time-course analysis of
immune cell kinetics by flow cytometry in injured livers from wild-type and Yap/TazP¢ X mice after CCl, injection. The absolute
number of KCs (F4/80" CD11b™; in orange) in the nonparenchymal fraction (NPF) is expressed in 100,000s. (B) Absolute
numbers of KCs in the NPF of regenerating wild-type and Yap/Taz®“™ livers by flow cytometry. n = 4-6. (C) Immunofluo-
rescent detection of F4/80" immune cells at the area of injury (IgG). Scale bars: 100 um. (D) Quantification of F4/80™ immune cells
per unit of area on sections from injured livers. n > 4. (E) Absolute number of monocytes (F4/80™CD11b"Ly6C™) in the NPF
of regenerating wild-type and Yap/Taz?£¢*© livers by flow cytometry. n = 4-6. (F) Immunofluorescent detection of F4/80"
immune cells at area of injury (IgG). Scale bars: 100 um. (G) Immunofluorescent detection of IgG and F4/80" cells on sections of
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Figure 6. Macrophages of Yap/TazBEC'KO mutant livers have an aberrant response to liver injury. (A-C) Immunofluores-

cent detection and quantifications of injured liver area (IgG and cCasp3) after CCl, in mice treated with vehicle or
clodronate liposomes. Scale bars: 200 um. Asterisks: central veins. Arrowheads: portal veins. n > 5. (D,} Representative
flow cytometry dot plots of CD206" M2-like MDMs at 72 hours after CCl, in wild-type and Yap/TazP5¢KC livers. The
absolute number of M2-like MDMs (orange) in the nonparenchymal fraction (NPF) is expressed in 10,0003.}$E) Quanti-
fication of absolute numbers of CD206" M2-like MDMs after CCl, in the NPF of wild-type and Yap/Taz®5°*° mice by
flow cytometry. n = 4-6. (F) Mean fluorescent intensity (MFI) of CD206 expression in MDMs in the liver 72 hours after
CCly injection. n = 3. (G) Heatmap showing normalized expression of 522 genes significantly up-regulated in wild-type
macrophages of injured livers (48 hours after CCly) relative to macrophages of healthy livers (left). Dot plots of gene
ontology (GO) terms associated with 303 genes significantly up-regulated in macrophages of all injured livers (wild-type
and Yap/TazPE¢KO; top right) or 219 genes significantly induced by CCl, in macrophages of wild-type livers, but not of
Yap/TazBEC KO livers (bottom right). DAPI, 4’,6-diamidino-2-phenylindole.
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sequencing of purified hepatocytes. This analysis identi- induced, although at slightly lower levels, which are
fied 1147 genes that were significantly up-regulated after strongly enriched for gene ontology terms related to cell
CCl, injury in hepatocytes of wild-type mice (Figure 7A4). proliferation (Figure 7A). However, hepatocytes from
In Yap/TazE“¥° mutants, 691 of these genes were still mutant mice failed to up-regulate the other 456 genes that
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are strongly enriched in gene ontology terms related to
cytokine and chemokine signaling, including Ccl2, which
encodes a major monocyte attractant (Figure 74).*” He-
patocytes of Yap/TazP*“*° mice failed to activate genes
important for the nonautonomous induction of cell
migration and immune cell activation.

Finally, we wanted to unravel the mechanisms by which
elevated levels of bile acids cause defects in the response of
hepatocytes to liver injury. Bile acids can be directly toxic to
liver cells due to their detergent properties, but they can
also act as signaling molecules and bind to different re-
ceptors, in particular the nuclear hormone receptors Far-
nesoid X receptor (FXR) and pregnane X receptor (PXR),
which are highly expressed in hepatocytes, and TGR5, which
is expressed in macrophages.®® Although TGRS target genes
were not up-regulated in livers of Yap/Taz®Z“*° mice
(Supplementary Figure 21), FXR target genes were slightly
increased in Yap/Taz"™™*° and Yap/Taz’E“¥° mice
(Supplementary Figure 22). However, the FXR agonist
obeticholic acid did not induce regeneration defects in wild-
type mice after CCl, (Supplementary Figure 22C and D). In
contrast, PXR target genes (Cyp2c55 and Cyp3a11)®° were
strongly up-regulated in Yap/Taz"™""*° and Yap/TazPE¢°
mutant mice compared with wild-type (Figure 7B), similar
to their induction in cholestatic patients.*® Strikingly,
pharmacologic hyperactivation of PXR by treating wild-type
mice with the PXR agonist pregnenolone-16a-carbonitrile®”
before CCl; injection was sufficient to recapitulate the
regeneration defects of Yap/Taz®*“*° mutant mice,
including impaired necrotic cell clearance, high levels of
cCasp3, and delayed regeneration (Figure 7C and D). As
expected, pregnenolone-16a-carbonitrile injection caused
strong induction of PXR target genes (Supplementary
Figure 23A4). Similarly, treatment of wild-type mice with
guggulsterone, which inhibits FXR*' but activates PXR,**
phenocopied the regeneration defects observed in Yap/
TazP*“¥° mutant mice after CCl, (Figure 7C and D and
Supplementary Figure 23B). Because PXR can suppress
cytokine expression in hepatocytes, monocytes, and mac-
rophages,*®** the regeneration defects of Yap/Taz"E¢*°
mice can be explained by the activation of PXR by bile acids
in hepatocytes.

Discussion

In this study, we addressed the function of the Hippo
pathway in liver regeneration. It is widely thought that the
Hippo pathway effectors YAP/TAZ orchestrate liver regen-
eration and instructively drive hepatocyte proliferation.
However, although it is true that mice in which Yap/Taz
were knocked out in embryonic hepatoblasts have severe
defects in liver regeneration, including reduced hepatocyte
proliferation, we found that these phenotypes are not the
consequence of a lack of YAP/TAZ in hepatocytes but in
BECs. Therefore, conditional deletion of Yap/Taz in adult
BECs phenocopied the embryonic hepatoblast knockout and
indirectly suppressed the proliferation of hepatocytes dur-
ing liver regeneration. However, conditional deletion of
Yap/Taz in adult hepatocytes did not noticeably impair liver
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regeneration after toxic injury or after partial hepatectomy.
Considering liver development, we and others found that
deletion of Yap/Taz in hepatoblasts led to the formation of
normal-sized adult livers with normal numbers of hepato-
cytes® and normal zonation, judged by the glutamine syn-
thetase and CypZel expression patterns. Therefore, Yap/Taz
are not required in hepatocytes for their proliferation dur-
ing development or regeneration.

We elucidated the chain of events that lead to the liver
regeneration defects in Yap/Taz mutant mice. Conditional
deletion of Yap and Taz in BECs of adult mice caused
degeneration of the biliary tree’” and cholestasis. Chole-
stasis, in turn, impaired the recruitment and activation of
macrophages, thereby delaying the clearance of necrotic cell
corpses after toxic injury. This model is supported by the
findings that cholestasis induced by BDL in wild-type mice
or experimental depletion of macrophages phenocopied the
regeneration defects of Yap/Taz"““*° mutants. Molecularly,
we found that Yap/TazP*“*° mutant livers had elevated
activity of the bile acid receptor PXR, and pharmacologic
activation of PXR was sufficient to mimic the regeneration
phenotype of Yap/Taz*“*° mutants. These preliminary
data suggest that bile acid overload impairs the immune
response after CCl, injury through hyperactivation of PXR,
in accordance with other studies describing the anti-in-
flammatory effects of PXR in the liver and other organs by
suppressing the activity of nuclear factor-«B, a key regu-
lator of inflammation and the immune response.”* We
postulate that deletion of Yap/Taz in BECs ultimately leads
to activation of PXR, which suppresses hepatic cytokine
expression and macrophage activity.43'44 Future experi-
ments in genetic models should be performed to validate
these results. Others reported that pharmacologic activation
of PXR induced YAP activity in hepatocytes, which caused
liver overgrowth and accelerated liver regeneration after
partial hepatectomy.*® This opposite effect of PXR activation
on regeneration after partial hepatectomy compared with
the inhibitory effect on regeneration after toxic injury in our
study can be explained by the use of different regeneration
models. In contrast to the partial hepatectomy model,
regeneration after toxic liver injury requires clearance of
cell debris, which is inhibited by PXR activation, according
to our results. In conclusion, YAP and TAZ are required in
BECs to maintain bile duct integrity and to prevent the
activation of PXR by cholestasis.

A surprising observation in our experiments was that
conditional deletion of Yap and Taz specifically in adult he-
patocytes had no noticeable effects on liver regeneration
compared with the strong effects caused by Yap/Taz deletion
in BECs. In contrast, other studies reported that hepatocyte-
specific deletion or knockdown of Yap in adult mice caused
a 16-hour delay in hepatocyte cell cycle re-entry after partial
hepatectomy.”'® However, we found no significant difference
in the onset of proliferation between wild-type and mutant
mice after CCl, injection. Consistently, Mooring et al® re-
ported that hepatocytes from AAV-Cre Yap/Taz mutant ani-
mals up-regulated basically all of the genes that were induced
in wild-type animals after acute CCl, injury, although mutant
mice developed less fibrosis after chronic CCl, injection due
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to lower induction of the pro-inflammatory gene Cyr61.
However, several studies reported strong regeneration de-
fects in Yap, Taz, or Yap/Taz mutant livers after partial
hepatectomy or BDL.>”"'® These studies, however, deleted
Yap and/or Taz from hepatoblasts using Alb-Cre or from
adult hepatocytes and BECs by Mx1-Cre, and did not deter-
mine the specific requirements for Yap/Taz in hepatocytes vs
BECs. Therefore, we conclude that Yap/Taz are largely
dispensable in hepatocytes for the induction of the regener-
ation program and for regenerative proliferation.

The minimal requirement for YAP/TAZ in hepatocytes
during liver regeneration after toxic injury creates a
conundrum because YAP/TAZ are transiently activated in
hepatocytes in response to liver injury.>”~** Although YAP/
TAZ can act redundantly with other signaling pathways that
are activated during liver regeneration,*® YAP/TAZ can also
regulate processes that are not easily assayed. For example,
YAP/TAZ activation can increase the competitive fitness of
noninjured hepatocytes, thereby selecting the fitter cells for
proliferation®*” or YAP/TAZ can prime hepatocytes for
transdifferentiation into liver progenitor cells or BECs.*”
Supporting this hypothesis, hepatocytes around damaged
bile ducts induce osteopontin and Sox9 expression,’®
markers for BECs and progenitor cells; ectopic activation
of YAP is sufficient to trigger the transdifferentiation of
adult hepatocytes into BECs*®; and YAP/TAZ are required
for ectopic proliferation of BECs in ductular reactions,
whether they arise from BECs or from hepatocytes.'****°
However, such transdifferentiation of hepatocytes into
BECs is not important for the regeneration of CCl4-induced
injuries.”’ Therefore, YAP/TAZ activation might promote
hepatocyte plasticity and create the potential for hepato-
cytes to transdifferentiate, although this potential might not
always be utilized for the regeneration of different types of
liver injury.

Our data indicate that the cholestasis caused by the de-
fects in bile duct maintenance is the primary driver of the
regeneration defects in YAP/TAZ mutants. However, how
cholestasis causes defects in liver regeneration is poorly
understood. Our observation that depletion of macrophages
closely phenocopied the regeneration defects caused by BDL
indicates that the suppression of macrophage function is one
of the main causes of how cholestasis inhibits liver regener-
ation after toxic injury. Consistent with this interpretation,
cholestatic mice and patients have an impaired immune
response and pathogen clearance after bacterial or viral
infection.”’°? In addition, cholestasis affects hepatocyte
proliferation, in concordance with our findings, and liver
regrowth after partial hepatectomy in mice.”” Several mech-
anisms can cause these defects. On the one hand, elevated
bile acids can directly impact the function and polarization of
macrophages.” On the other hand, bile acids can impact
hepatocytes directly. In wild-type mice, regenerating hepa-
tocytes not only induced cell proliferation genes, but also
genes encoding immune cell activating signals, a central part
of the model that hepatocytes are general organizers of liver
regeneration.”® These induced signaling molecules included
Ccl2, which is an important attractant for monocytes that
mature into macrophages.>’” However, hepatocytes in Yap/
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Taz”E“%° mice no longer induced these immune signals,
although they still up-regulated the proliferation genes.
Thus, the down-regulated cytokine induction can be a
major cause of the defects in immune cell recruitment and
activation. Yet, macrophages in Yap/TazBEC'KO mutant
livers still activated cell proliferation genes, indicating that
they responded to other injury-induced signals. Molecu-
larly, PXR activation can affect hepatocytes and macro-
phages, as it is expressed in both cell types. Notably, PXR
hyperactivation in hepatocytes is sufficient to suppress
cytokine expression after chronic CCly.*® Therefore,
hyperactivation of PXR in hepatocytes as a result of
cholestasis can at least partially explain the suppressed
cytokine expression in hepatocytes and the defects in
macrophage activation in Yap/TazBEC'KO mutant mice after
toxic injury. Our data further revealed that FXR is
marginally more active in mutant livers after CCl, injection
compared with controls. Therefore, although activation of
FXR by physiologic levels of bile acids promotes liver
regeneration,”’ FXR modulation seems to play a minor role
in inhibiting liver regeneration in Yap/Taz?*¢*° mice.

In summary, our results clarify that YAP and TAZ do not
play a cell-autonomous and instructive role in hepatocytes
during liver regeneration, but are required in BECs to pre-
vent cholestasis, which causes secondary effects on hepa-
tocytes and macrophages that impair liver regeneration. Our
findings have implications for our understanding of the
Hippo pathway beyond its role in liver regeneration. In
particular, our study urges analysis of the function of the
Hippo pathway in a cell-type-specific manner to uncover
potentially cell-autonomous vs non-cell-autonomous effects
of YAP/TAZ.

Supplementary Material

Note: To access the supplementary material accompa-
nying this article, visit the online version of Gastroenter-
ology at www.gastrojournal.org, and at http://dxdoi.org/
10.1053/j.gastro.2020.10.035.
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