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Yes-Associated Protein Is Crucial for
Constitutive Androstane Receptor-Driven
Hepatocyte Proliferation But Not for
Induction of Drug Metabolism Genes in

Mice

Bharat Bhushan

Satdarshan P. Monga “ | Joseph Locker
BACKGROUND AND AIMS: Constitutive androstane recep-
tor (CAR) agonists, such as 1,4-bis [2-(3,5-dichloropyridyloxy)]
benzene (TCPOBOP), are known to cause robust hepatocyte
proliferation and hepatomegaly in mice along with induction
of drug metabolism genes without any associated liver injury.
Yes-associated protein (Yap) is a key transcription regulator
that tightly controls organ size, including that of liver. Our
and other previous studies suggested increased nuclear locali-
zation and activation of Yap after TCPOBOP treatment in
mice and the potential role of Yap in CAR-driven prolifera-
tive response. Here, we investigated a direct role of Yap in
CAR-driven hepatomegaly and hepatocyte proliferation using
hepatocyte-specific Yap-knockout (KO) mice.

APPROACH AND RESULTS: Adeno-associated

8-thyroxine binding globulin promoter-Cre recombinase vec-

virus

tor was injected to Yap-floxed mice for achieving hepatocyte-
specific  Yap deletion followed by TCPOBOP treatment.
Yap deletion did not decrease protein expression of CAR
or CAR-driven induction of drug metabolism genes (in-
cluding cytochrome P450 [Cyp] 2b10, Cyp2c55, and UDP-
glucuronosyltransferase 1al [Ugtlal]). However, Yap deletion
substantially reduced TCPOBOP-induced hepatocyte prolifera-
tion. TCPOBOP-driven cell cycle activation was disrupted in
Yap-KO mice because of delayed (and decreased) induction of
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cyclin D1 and higher expression of p21, resulting in decreased
phosphorylation of retinoblastoma protein. Furthermore, the
induction of other cyclins, which are sequentially involved
in progression through cell cycle (including cyclin E1, A2,
and B1), and important mitotic regulators (such as Aurora
B kinase and polo-like kinase 1) was remarkably reduced
in Yap-KO mice. Microarray analysis revealed that 26% of
TCPOBOP-responsive genes that were mainly related to pro-
liferation, but not to drug metabolism, were altered by Yap
deletion. Yap regulated these proliferation genes through alert-
ing expression of Myc and forkhead box protein M1, two
critical transcriptional regulators of CAR-mediated hepatocyte
proliferation.

CONCLUSIONS: Our study revealed an important role of
Yap signaling in CAR-driven hepatocyte proliferation; how-
ever, CAR-driven induction of drug metabolism genes was

independent of Yap. (Heparorocy 2021;73:2005-2022).

onstitutive androstane receptor (CAR) is
conventionally considered to be a xenobiotic-
sensing nuclear receptor that is activated by
several drugs (e.g., phenobarbital) and environmen-
tal chemicals. Activation of CAR and its nuclear
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translocation induces drug-disposition enzymes,
including phase I conjugation enzymes (e.g., cyto-
chrome P450s), phase II conjugation enzymes (e.g.,
sulfotransferases and UDP-glucuronosyltransferases),
and drug transporters, as an adaptive mechanism
to eliminate foreign substances.") In nucleus, CAR
binds with RXR to directly induce transcription
of genes that encode these enzymes. More recently,
CAR has also emerged as an important regulator of
energy metabolism in the liver. D Apart from this,
CAR activation also induces robust hepatocyte pro-
liferation and hepatomegaly.?) This phenomenon is
shared by some other nuclear receptors (including
thyroid hormone receptor, retinoic acid receptor, and
peroxisome proliferator-activated receptor a) and dif-
fer from regenerative response after surgical or chemi-
cal hepatectomy, as it does not involve any underlying
tissue loss or liver injury. This CAR-driven prolifer-
ative response is linked with promotion of hepato-
cellular carcinogenesis.(3) However, in the context of
regenerative therapy, it has been exploited to stimulate
liver regeneration and protect liver from failure after
extensive tissue loss (>90% hepatectomy).(4) 1,4-Bis
[2-(3,5-dichloropyridyloxy)] benzene (TCPOBOP)
is a prototypical CAR ligand that induces robust
hepatocyte proliferation comparable with partial
hepatectomy (PHx) in mouse liver and is the stron-
gest known chemical mitogen for the liver.®) Liver
size doubles within a week after single treatment with
TCPOBOP in mice and plateaus thereafter up to
4 weeks.®) This indicates the unique ability of CAR
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to reset hepatostat in the liver, but underlying mecha-
nisms are not extensively explored.

Yes-associated protein (Yap) is a major transcription
factor that strictly controls organ size, including that
of the liver, and thus is considered an important regu-
lator of hepatostat.(é'g) Yap activity is negatively regu-
lated by the Hippo signaling pathway. The core of the
Hippo pathway is comprised of mammalian sterile-
20-like kinase (Mst) 1/2 and large tumor suppressor
kinase (Lats) 1/2 (serine/threonine kinases) proteins,
upstream of Yap. When Hippo pathway is active,
phosphorylated Mst (active form) phosphorylates
and activates Lats, which in turn phosphorylates Yap
and targets it for degradation. However, when Hippo
pathway is inactive, Yap enters the nucleus and causes
transcription of its target genes.””® Overexpression
of Yap in normal mouse liver or inactivation of its
upstream regulators (Mst, Lats, and neurofibromin 2)
results in hepatocyte proliferation and hepatomegaly, a
phenotype similar to CAR activation.®"? However,
liver-specific deletion of endogenous Yap (and its ana-
logue transcriptional coactivator with PDZ-binding
motif [Taz]) in mice from birth does not show the
reverse phenotype; surprisingly, these mice also dis-
play hepatomegaly secondary to some liver injury at
basal level.

Published evidence points toward the potential role
of Yap in CAR-driven hepatocyte proliferation and
hepatomegaly.>*1) Overexpression of mutated Yap
(active form) increased hepatocyte proliferation fol-

lowing a repeat dose of TCPOBOP (a week after first
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dose) in mice, which normally does not cause prolifer-
ation because of plateauing of CAR-driven prolifera-
tive response after the first dose.™ However, a direct
role of endogenous Yap in acute TCPOBOP-driven
hepatocyte proliferation was not investigated in this
study. In a recent in wvitro study using alpha mouse
liver 12 (AML12) cells, down-regulation of Yap
using small interfering RNA significantly decreased
TCPOBOP-driven proliferation.(ls) However, in
the same study, treatment with verteporfin in mice
(to inhibit Yap) slightly but not significantly altered
induction of proliferation genes or Yap target genes
after TCPOBOP treatment, whereas the effect on
proliferation per se was not investigated.® Studies
have shown that verteporfin does not specifically
inhibit Yap and has several nonspecific effects, which
can confound interpretation of these findings."® Our
previous study revealed transient increase in nuclear
accumulation of Yap in mice liver, specifically durin

proliferative phase after TCPOBOP treatment.
Concomitant decrease in phospho (p)-Yap (inac-
tive form) levels was also observed in this s‘cudy.(2
Similar increased nuclear accumulation of Yap after
TCPOBOP treatment in mice has also reported by
other group.(ls) However, direct causal relationship
of endogenous Yap with CAR-driven proliferation in
vivo is not yet demonstrated.

Based on this background information, here, we
investigated the direct role of hepatocyte-specific Yap
in TCPOBOP-induced proliferative response by acute
deletion of Yap in adult mice using adeno-associated
virus 8 (AAVS)-thyroxine binding globulin (TBG)
promoter-Cre recombinase vector (AAV8-TBG-CRE
vector) administration to Yap-floxed mice. Here, we
provide direct and specific evidence that hepatocyte-
specific Yap is crucial for CAR-driven proliferative
response in mice but not for CAR-driven induction
of drug-disposition enzymes.

Materials and Methods

ANIMALS, TREATMENTS,
STUDY DESIGN, AND TISSUE
HARVESTING

Female YAPY! mice who were 8-12 weeks old
(n = 3-6) were administered AAVS8. TBG.PI1.Cre.rBG

(2.5 x 10" viral particles per mouse, intraperitoneal
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[IP]) to obtain hepatocyte-specific Yap-knockout
(KO) mice. AAVS8.TBG.PLeGFPWPRE.bGHS
(2.5 x 10" viral particles per mouse, IP) admin-
istered to YAP"" mice served as wild-type (WT)
control. Female mice were used because TCPOBOP-
induced proliferative response is known to be stron-
ger in female mice.’”) Single dose of TCPOBOP
(3 mg/kg; prepared in corn oil) was administered
by oral gavage 10 days after AAV8 injection. Mice
were sacrificed at various time points (0, 1, 2, 5, and
7 days) after TCPOBOP administration. Day 0 ani-
mals did not receive any treatment except AAVS
administration. Livers were obtained and processed
further for immunohistochemical, western blot, real-
time quantitative PCR, and microarray analysis. For
PHx study, Yap-KO or WT mice were sacrificed at
0 hours, 40 hours, 72 hours, 7 days, and 14 days after
2/3 surgical liver resection, and liver tissues were har-
vested for immunohistochemical analysis. All studies
were performed according to the “Guide for the Care
and Use of Laboratory Animals” published by the
National Institutes of Health and were approved by
The Institutional Animal Care and Use Committee

at the University of Pittsburgh.

STATISTICAL ANALYSIS

Data presented in the form of bar graphs show
mean + SEM. Significant difference between WT and
Yap-KO groups was determined using Student # test.
Difference between groups was considered statistically
significant at P < 0.05.

Other methodological details are provided in the
Supporting Information.

Results

EFFECT OF HEPATOCYTE-
SPECIFIC YAP DELETION

ON TCPOBOP-INDUCED
HEPATOMEGALY AND
HEPATOCYTE PROLIFERATION

Deletion of Yap in Yap-floxed mice by AAVS-
TBG-CRE treatment was confirmed using western
blot analysis for Yap and phospho-Yap (Fig. 1A). As
expected, Yap and phospho-Yap expression was mas-
sively decreased in Yap-KO mice at basal levels and
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FIG. 1. Effect of hepatocyte-specific Yap deletion on TCPOBOP-induced hepatomegaly and hepatocyte proliferation. (A) Western
blot analysis of Yap and p-Yap. (B) Representative photomicrographs of Ki67-stained (brown nuclei) liver sections (magnification: x400).
(C) Percentage of hepatocytes in DNA synthesis (Ki67-positive nuclei). Bar graphs showing (D) LW/BW and (E) percent increase in
LW/BW compared with basal values (i.e., Day 0). (F) Hepatocyte volume at Day 5 versus Day 0 in WT and Yap-KO mice calculated
based on number of hepatocytes per unit area. All liver samples (n = 3-6) were collected from WT and Yap-KO mice at specified time
points after TCPOBOP treatment. *Significant difference with regard to (w.r.t.) WT mice at particular timepoint; P < 0.05.
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after TCPOBOP treatment (Fig. 1A). p-Yap (inac-
tive form) levels were decreased after TCPOBOP
treatment compared with its basal expression in
WT mice, consistent with our g)revious report (Fig.
1A and Supporting Fig. SZB).(2 Furthermore, inge-
nuity pathway analysis (IPA) of transcriptome data
indicated significant activation of Yap transcriptional
signature (based on expression profile of downstream
genes) in WT mice at Day 2 versus Day O after
TCPOBOP treatment (activation z-score: 2.42, P
value: 2.01 x 1072*) (Supporting Figs. STA and S2A).
In fact, Yap was among the top three transcription
factors altered by TCPOBOP treatment in WT mice
based on P value (Supporting Fig. S1A). These data
are consistent with reports (by our group and oth-
ers) showing increased nuclear accumulation of Yap
after TCPOBOP treatment.*' Ki67 (a marker for
S-phase) immunohistochemical staining was per-
formed to study hepatocyte proliferation. Robust
hepatocyte proliferation was observed in WT mice at
Days 1 and 2, which peaked at Day 2 (~55% Ki67-
positive hepatocytes) and receded by Day 5 (only
5% Ki67-positive hepatocytes) after TCPOBOP
treatment (Fig. 1B,C). There was a striking decrease
in hepatocyte proliferation (~80% reduction) in
Yap-KO mice consistently at both Days 1 and 2 after
TCPOBOP treatment (Fig. 1B,C). The effect of Yap
deletion on CAR-driven proliferative response was
turther corroborated by remarkably lower induction of
proliferating cell nuclear antigen protein (another pro-
liferative marker) in Yap-KO mice after TCPOBOP
treatment (Fig. 3A). Liver to body weight ratio (LW/
BW) increased consistently with time from Day 0 to
Day 5 in WT mice, attaining a maximum of ~2-fold
elevation, but plateaued after Day 5 (Fig. 1D,E). LW/
BW was also increased in Yap-KO mice with time
compared with basal levels, but the percent increase
in LW/BW with regard to basal levels remained sig-
nificantly lower in Yap-KO mice compared with WT
mice at all the time points after TCPOBOP treat-
ment (Fig. 1D,E). However, the effect of Yap dele-
tion on liver size appears to be lower in comparison
with the effect on proliferative response. Increase in
liver size after TCPOBOP treatment depends on
both hepatocyte proliferation and increase in hepato-
cyte size (hypertrophy).(lg) Average hepatocyte vol-
ume (calculated based on number of hepatocytes per
unit area) increased to around 200% of basal levels at

Day 5 after TCPOBOP treatment in both WT and
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Yap-KO with no significant difference between two
groups (Fig. 1F). This suggests that Yap deletion does
not alter TCPOBOP-induced hypertrophy but alters
only hepatocyte proliferation, resulting in an overall
lower impact on increase in liver size. Lastly, Yap dele-
tion did not alter proliferation or LW/BW ratio at
basal level (Fig. 1B-D). Furthermore, Yap-KO mice
appear to be normal with no signs of toxicity and dis-
played normal liver histology at the basal level.

CAR EXPRESSION AND ITS
ACTIVITY ASSOCIATED

WITH INDUCTION OF DRUG
METABOLISM IN RESPONSE
TO TCPOBOP TREATMENT
REMAINED INTACT IN YAP-KO
MICE

Because TCPOBOP-induced hepatocyte prolif-
eration is a CAR-dependent process, the effect of
Yap deletion on CAR expression and its activity was
investigated. CAR protein expression was comparable
in WT and Yap-KO at both basal level and various
time points after TCPOBOP treatment (Fig. 2A).
To assess CAR activity, we investigated expression
of classical CAR target genes using real-time PCR.
As expected, cytochrome P450 (Cyp) 2b10, which is
one of the best-characterized targets of CAR involved
in drug metabolism, was strongly induced (up to
90-fold) after TCPOBOP treatment in WT mice
(Fig. 2B). Interestingly, similar induction was also
observed in Yap-KO mice at all the time points (1,
2, and 5 days after TCPOBOP treatment) without
any significant difference compared with W'T mice
(Fig. 2B). We also investigated expression of other
classical CAR target genes involved in drug metab-
olism, which represent both strong (Cyp2c55) and
weak (UDP-glucuronosyltransferase 1A1 [Ugtlal])
CAR-driven transcriptional induction (Fig. 2C,D).
Induction of both these genes was not significantly
altered in Yap-KO mice, similar to Cyp2b10 (Fig.
2C,D). Furthermore, microarray analysis revealed that
several other CAR-inducible drug-disposition genes
remain highly induced even in Yap-KO mice after
TCPOBOP treatment, and overall induction of these
genes was comparable with W'T mice (represented by
heatmaps in Supporting Fig. S3A,B). Furthermore,
IPA of microarray data to investigate the altered
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FIG.2. CAR activation after TCPOBOP treatment remained intact in Yap-KO mice. (A) Western blot analysis of total CAR. Messenger
RNA expression of CAR target genes: (B) Cyp2b10, (C) Cyp2c55, (D) Ugtlal, and (E) Gadd45b in liver. All samples (n = 3-4) were
collected at 0,1,2,and 5 days after TCPOBOP treatment in WT or Yap-KO mice. (F) IPA of microarray data showing activation of CAR
downstream gene network in both WT and Yap-KO group at Day 2 after TCPOBOP treatment compared with Day 0. Positive z-score
represents predicted activation of transcription factor activity (absolute z-score > 2 considered as significant) based on expression profile
of downstream genes. P value signifies extent of overlap between set of downstream target genes of a given transcription factor in data set
compared with all known downstream target genes of that transcription factor in the reference genome (red shapes: up-regulated genes;
green shapes: down-regulated genes, with intensity of color reflecting extent of up-regulation or down-regulation).

canonical signaling pathway showed significant acti-  (z-score: 3.402) mice at Day 2 compared with basal
vation of “xenobiotic metabolism CAR signaling levels (Supporting Fig. S4). IPA also revealed that
pathway” in both WT (z-score: 2.343) and Yap-KO overall induction of CAR target genes was similar
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in both groups at Day 2 compared with basal levels
(z-score for CAR activation: WT: 4.216; Yap-KO:
4.435) (Fig. 2F). The high order of P value (107" to
107*) for overlap between CAR target genes induced
in both experimental groups versus CAR target genes
in the reference genome demonstrate robust activa-
tion of CAR in both groups (Fig. 2F). In fact, CAR
was among the top 10 transcription factors altered
by TCPOBOP treatment in both WT and Yap-KO
mice at Day 2 versus Day 0 (Supporting Fig. S1A,B).

Lastly, we also investigated expression of another
known CAR target gene, growth arrest and DNA
damage inducible beta (Gadd45b), which is reported
to be important for CAR-driven hepatocyte hypertro-
phy and liver growth."® Similar to other CAR target
genes (described previously), Gadd45b was strongly
induced (up to 40-fold) after TCPOBOP treatment
in WT mice, but its induction was comparable in
Yap-KO mice (Fig. 2E). It is interesting to note that
Gadd45b has also recently been identified as a Yap tar-
get gene in biliary cells.™”) However, it was not altered
by hepatocyte-specific Yap deletion at basal levels or
after TCPOBOP treatment in our study (Fig. 2E).
This suggests differential transcriptional regulation of
Gadd45b in hepatocytes and biliary cells. In hepato-
cytes, Gadd45b might be strongly regulated by other
transcription factors, including CAR.

IMPAIRMENT OF CELL CYCLE
ACTIVATION IN YAP-KO MICE

Next, activation of core cell cycle machinery was
assessed to further explore the mechanisms for
impaired proliferative response in Yap-KO mice.
Cyclin (Ccen) d1 is a key protein that governs entry
into the cell cycle. As expected, Cendl expression
increased remarkably after TCPOBOP treatment
compared with basal levels in WT mice (Fig. 3A).
Cendl expression peaked at Day 1 and returned to
basal levels at Day 5 in WT mice. Cendl expres-
sion was notably lower in Yap-KO mice compared
with WT mice at Day 1. However, Ccnd1 expression
appeared higher in Yap-KO compared with WT mice
at Days 2 and 5 (Fig. 3A). Cend1 binds and activates
cyclin-dependent kinase (Cdk) 4, which phosphor-
ylates retinoblastoma (Rb) protein. Inhibition of Rb
protein through its phosphorylation frees transcrip-
tion factors of the E2F family, ultimately resulting
in induction of several cell cycle genes, including

BHUSHAN ET AL.

other cyclins (E1, A2, and B1), which sequen-
tially control progression through the cell cycle.(zo)
Similar to Cend1 expression, phosphorylation of Rb
peaked at Day 1, remained greatly elevated at Day 2,
and declined to basal levels by Day 5 in WT mice
(Fig. 3A). Despite delayed induction of Cendl in
Yap-KO mice, phosphorylation of Rb remained per-
sistently lower in Yap-KO at all the time points after
TCPOBOP treatment (Fig. 3A). Similar significantly
lower induction was also observed for other later-
stage cyclins (E1, A2, and B1) and Cdk1 consistently
during the entire proliferative phase in Yap-KO mice
(Fig. 3B-E). Furthermore, microarray-based IPA of
TCPOBOP-dependent genes that were altered by Yap
deletion (as described in the Materials and Methods
section) revealed E2F proteins (E2F1, E2F2, and
E2F3) among the top inhibited upstream regulators
in Yap-KO mice at Day 2 (Fig. 5D). In fact, E2F3
was the second-most altered (inhibited) upstream reg-
ulator in Yap-KO mice (activation z-score: -3.841 and
P value of overlap: 2.23 x 107Y) (Fig. 5D). Most of its
target genes were down-regulated in Yap-KO mice at
Day 2, as displayed by the network in Fig. 3F.

p21 is one of the major cell cycle inhibitory proteins
that inhibits activity of Cend1-Cdk4 complex, causing
decreased Rb phosphorylation.? p21 protein expres-
sion was greatly elevated in Yap-KO mice compared
with WT mice at Day 2, which is consistent with
decreased Rb phosphorylation, despite higher Cend1
expression at Day 2 in Yap-KO mice (Fig. 3A). IPA
of microarray data further substantiated activation of
p21 signaling in Yap-KO mice; several genes that are
known to be negatively regulated by p21 were indeed
down-regulated in Yap-KO mice compared with WT
mice at Day 2 (Fig. 3F). In fact, p21 (or Cdknla) was
the topmost altered upstream regulator (predicted to
be activated; activation z-score: 3.354 and P value of
overlap: 2.66 x 107*) in Yap-KO mice compared with
WT mice based on the upstream regulator analysis
using IPA (Fig. 5D).

DOWN-REGULATION OF
MYC-FORKHEAD BOX PROTEIN M1
SIGNALING AXIS IN YAP-KO MICE

Forkhead box protein M1 (Foxm1) controls tran-
scription of crucial proliferative genes involved in cell
cycle regulation and is considered critical for drivin

TCPOBOP-mediated hepatocyte prolifera’tion.(é"zo‘22
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FIG. 3. Impairment of cell cycle activation in Yap-KO mice. (A) Western blot analysis of proliferating cell nuclear antigen (PCNA),
phospho-retinoblastoma protein (p-Rb), Cendl, p21, and p27. Messenger RNA expression of (B) Cenel, (C) Cena2, (D) Cenbl, and (E)
Cdk1 in liver. All samples (n = 3-4) were collected at 0, 1,2, and 5 days after TCPOBOP treatment in WT and Yap-KO mice. (F) IPA
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treatment. Negative z-score represents predicted inhibition and positive z-score represents predicted activation of upstream regulator
activity (absolute z-score > 2 considered as significant) based on expression profile of downstream genes. P value signifies extent of overlap
between set of downstream target genes of a given upstream regulator in data set compared with all known downstream target genes of that
upstream regulator in the reference genome (red shapes: up-regulated genes; green shapes: down-regulated genes, with intensity of color
reflecting extent of up-regulation or down-regulation) *Significant difference with regard to WT group at particular time point; P < 0.05.
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FIG. 4. Down-regulation of Myc-Foxm1 signaling in Yap-KO mice. Messenger RNA expression of (A) Foxm1 and (C) Foxm1 target
genes (Aurora B kinase [AurkB], polo-like kinase 1 [Plk1], Survivin [Birc5], Cdc20, centromere protein A [Cenpa], kinesin family
member 20a [Kif20a], and Ccnb2) as analyzed using real-time PCR. (D) Western blot analysis of Myc. All samples (n = 3-4) were
collected at 0, 1,2, and 5 days after TCPOBOP treatment in WT and Yap-KO mice. IPA of microarray data showing inhibition of (B)
Foxm1 and (E) Myc downstream gene network in Yap-KO vs WT-mice at Day 2 after TCPOBOP treatment. Negative z-score in (B)
and (E) represents predicted inhibition of transcription factor activity (absolute z-score > 2 considered as significant) based on expression
profile of downstream genes. P value signifies extent of overlap between set of downstream target genes of a given transcription factor in
data set compared with all known downstream target genes of that transcription factor in the reference genome (red shapes: up-regulated
genes; green shapes: down-regulated genes, with intensity of color reflecting extent of up-regulation or down-regulation) *Significant
difference with regard to W'T mice at particular time point; P < 0.05.

Foxm1 was notably induced at all the time points after
TCPOBOP treatment in W'T mice following a tem-
poral expression pattern similar to TCPOBOP-driven
proliferative response (Fig. 4A). Foxm1 induction was
significantly attenuated in Yap-KO mice through-
out the entire proliferative phase (Fig. 4A). IPA of
microarray data further substantiated down-regulation
of Foxm1 activity in Yap-KO mice compared with con-
trol mice; several Foxm1-inducible genes were greatly
down-regulated in Yap-KO mice at Day 2 (Foxml
downstream gene network is shown in Fig. 4B, and
individual genes in this network with expression val-
ues are listed in Supporting Table 1). In fact, Foxm1
was among the top 10 upstream regulators altered
(predicted to be inhibited; activation z-score: -4.587,
Pvalue: 1.79 x 1071 in Yap-KO mice compared with
WT mice based on the upstream regulator analysis
using IPA (Fig. 5D). Furthermore, down-regulation of
Foxm1 was confirmed by investigating expression of
several Foxm1 target genes (Aurora B kinase, polo-like
kinase 1, survivin, cell division cycle [Cdc] 20, cen-
tromere protein A, kinesin family member 20a, and
Ccnb2) using real-time PCR; all these genes were sig-
nificantly down-regulated throughout the entire pro-
liferative phase in Yap-KO mice (Fig. 4C).

Studies have indicated Myc as an important tran-
scriptional regulator for induction of Foxm1 during
TCPOBOP-mediated  proliferation.??  Myc  pro-
tein expression sharply increased at Day 1 after
TCPOBOP treatment in WT mice and rapidly
returned to basal levels at later time points (Fig. 4D).
Myc expression remained very low in Yap-KO at all
the time points and was remarkably lower in Yap-KO
mice compared with WT mice at Day 1 (Fig. 4D).
IPA of microarray data showed that the Myc down-
stream gene network was mostly down-regulated in
Yap-KO mice compared with WT mice, further cor-
roborating impaired Myc induction in Yap-KO mice
(Fig. 4E). Individual genes in the Myc network (along

2014

with expression values), which were induced in WT
mice after TCPOBOP treatment but down-regulated
in Yap-KO mice compared with WT mice, are listed
in Supporting Table 2. Myc was among the top 5
upstream regulators altered (predicted to be inhibited,
activation z-score: -3.727, P value: 7.43 x 107™) in
Yap-KO mice compared with W'T mice based on the
upstream regulator analysis using IPA (Fig. 5F).

EFFECT ON HEPATOCYTE
NUCLEAR FACTOR 4 ALPHA
EXPRESSION AND ITS
TRANSCRIPTIONAL SIGNATURE
IN YAP-KO MICE

Hepatocyte nuclear factor 4 alpha (HNF4a) is one
of the most strongly activated transcription factors in
quiescent liver, which is not only important for main-
taining differentiated state in hepatocytes but also for
inhibiting proliferative genes.(23 Furthermore, dele-
tion of HNF4a in the liver results in robust hepato-
cyte proliferation similar to CAR activation.?**
Several studies have demonstrated functional inhibi-
tory cross talk between CAR and HNF4a by direct
competition for the same DNA binding sites and
cotranscription factors.?#?*?”) CAR-driven inhibition
of HNF4a transactivation has also been reported to be
one of the factors important for TCPOBOP-induced
proliferative response in the liver.?? Our recent study
also indicated down-regulation of HNF4a during
TCPOBOP-driven proliferative response.”) HNF4a
expression was normalized by combined disruption of
MET and epidermal growth factor receptor (EGFR)
signaling, which also resulted in complete inhibi-
tion of TCPOBOP-driven proliferative response.?’
Consistent with our previous findings, HNF4a gene
expression was repressed after TCPOBOP treatment
in WT mice at all the time points compared with
basal levels (Supporting Fig. S5). However, HNF4a
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was similarly down-regulated in Yap-KO mice after
TCPOBOP treatment with no significant difference
compared with WT mice at any of the investigated
time points (Supporting Fig. S5). Furthermore, IPA
of microarray data showed significant inhibition of
HNF4a transcriptional activity (based on expression
profile of downstream genes) in WT mice at Day
2 versus Day O (activation z-score: -2.53, P value:
1.13 x 10%°) (Supporting Figs. S6 and S1A). HNF4a
transcriptional activity remained significantly inhib-
ited (activation z-score: —2.35, P value: 1.21 x 10™%),
even in Yap-KO mice (Supporting Figs. S7 and S1B).
In fact, HNF4o was among the top 10 transcription
factors altered by TCPOBOP treatment in both WT
and Yap-KO mice at Day 2 versus Day 0 (Supporting
Fig. S1A,B). This indicates that Yap does not regulate
CAR-driven alteration of HNFa activity, which is one
of the transcription factors that govern TCPOBOP-
induced proliferative response. This might be one of
the reasons why TCPOBOP-induced proliferative
response was not completely blocked (but only damp-
ened) in Yap-KO mice.

GLOBAL CHANGES IN GENE
EXPRESSION PROFILE AFTER
HEPATOCYTE-SPECIFIC YAP
DELETION

We further analyzed Yap-driven genome-wide
changes in gene expression profile (obtained through
microarray) in our study. To filter out Yap-regulated
genes relevant to TCPOBOP treatment, we spe-
cifically looked at genes that were significantly up-
regulated or down-regulated and at least 2-fold altered
at 2 days after TCPOBOP treatment compared with
basal levels in WT mice and were, at the same time,
also significantly altered (at least 2-fold) in Yap-KO
mice compared with WT mice at Day 2. At 2 days
after TCPOBOP treatment, 2,497 genes were sig-
nificantly altered compared with basal levels in WT
mice. Interestingly, out of these 2,497 genes, around
27% (665 genes) were significantly altered in Yap-KO
mice compared with WT mice at Day 2 (Fig. 5A).
This demonstrates significant genome-wide impact of
Yap deletion on TCPOBOP response. These mostly
included genes that were induced by TCPOBOP and
down-regulated in Yap-KO mice (350 genes; top 50
listed in Supporting Table 4), along with genes that
were repressed by TCPOBOP but up-regulated in

BHUSHAN ET AL.

Yap-KO mice compared with WT mice (311 genes;
top 50 listed in Supporting Table 5). Analysis of these
TCPOBOP-dependent genes, which were altered by
Yap deletion in the opposite direction using DAVID
database, revealed that these genes were significantly
enriched for biological processes mainly related to cell
proliferation (such as cell cycle [specific genes per-
taining to this Gene Ontology term, along with their
expression values, are listed in Supporting Table 3],
mitotic nuclear division, cell division, DNA replica-
tion, cytokinesis, mitotic sister chromatid segregation,
and DNA replication) but not drug metabolism (Fig.
5B). Analysis of all these genes using IPA, taking
directionality of change into account, predicted sev-
eral canonical pathways to be significantly altered in
Yap-KO mice versus WT mice, including activation of
G2/M DNA damage check point regulation and ataxia
telangiectasia mutated kinase signaling, and inhibition
of signaling related to pyrimidine deoxyribonucleotide
de novo biosynthesis, mitotic role of polo-like kinase,
cyclins and cell cycle regulation, and nucleotide exci-
sion repair pathway (Fig. 5C). Furthermore, based on
the downstream gene signatures, IPA predicted alter-
ation of several upstream regulators (Top 20 listed in
Fig. 5D) relevant to cell proliferation, including sig-
nificant activation of CDKN1A (i.e., p21) and p53
(affected downstream gene network shown in Fig.
5E), and inhibition of Myc, Foxm1, and E2F proteins
in Yap-KO mice.

ASSOCIATION OF CAR, YAP, AND
MYC GENOMIC BINDING

Next, the association of CAR, Yap, and Myc
genomic binding sites was explored by analyzing
published chromatin immunoprecipitation sequenc-
ing (ChIPseq) data sets. The data consisted of
compiled peak sets of CAR binding, histone H4
acetylated at lysine 5 (H4K5Ac), deoxyribonuclease
I hypersensitivity (DHS), and promoter-binding his-
tone H3 trimethylated at lysine 4 from control and
TCPOBOP-treated liver®; newly compiled peak sets
from ChIPseq libraries of TEA domain transcription
factor (Tead) from untreated liver; and doxycycline-
induced Yap and Myc from liver with tetracycline-
regulated transgenes.?”” From these data, enhancers
were characterized as small regions of transcription-
factor binding and DHS, surrounded by H4K5Ac.

It is important to note, however, that the data were
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FIG.5. Global changes in gene expression profile after hepatocyte-specific Yap deletion. (A) Venn diagram with overlap showing subset
of genes significantly altered (with 2-fold cutoff) after TCPOBOP treatment in WT mice at Day 2 versus Day 0 and also differentially
expressed in Yap-KO versus WT mice at Day 2 (n = 3). (B) Enrichment analysis using DAVID database showing biological processes
(GO terms) altered in Yap-KO mice at Day 2 based on set of genes shown as overlap in (A). (C) Canonical signaling pathways and
(D) upstream regulators predicted to be altered in Yap-KO versus WT mice at Day 2 based on set of genes shown as overlap in (A),
analyzed using IPA. The orange (positive z-score) and blue (negative z-score) colored bars in (C) indicate predicted pathway activation
or predicted inhibition, respectively, based on z-scores. Gray bars indicate pathways where no prediction on directionality of activity can
be made. Threshold for -log (P value) to be considered significant in (C) was 1.3. (E) IPA of microarray data showing activation of p53
in Yap-KO versus WT mice at Day 2 after TCPOBOP treatment based on downstream gene expression profile. Positive z-score in (E)
represents predicted activation of transcription factor activity (absolute z-score > 2 considered as significant) based on expression profile
of downstream genes. P value signifies extent of overlap between set of downstream target genes of a given transcription factor in data set
compared with all known downstream target genes of that transcription factor in the reference genome (red shapes: up-regulated genes;
green shapes: down-regulated genes, with intensity of color reflecting extent of up-regulation or down-regulation). GO, Gene Ontology;
NER, nucleotide excision repair.

obtained from different experimental conditions (Yap
and Myc data sets used an overexpression system), so
the analysis shows binding positions but not whether
Yap, Tead, CAR, and Myc are bound at the same time.

The analysis began with visualization of candi-
date genes, starting with My, a critical target of both
Yap and CAR and an important focus of this paper
(Fig. 6). Myc has an extended regulatory region that
includes plasmacytoma variant translocation 1 (Pvzl),
a noncoding RNA gene with minimal liver expres-
sion.®¥ TCPOBOP induces CAR-binding, H4K5Ac
and DHS at +343 kb, the most active enhancer region
near Myc.(zg) The distance is surprising, but Myc and
Porl are in a region that is devoid of other genes,
and even more distant Myc-regulating enhancers are
known. %V Interestingly, Yap and Tead both bind the
same enhancer region (+343 kb) as CAR, which also
weakly binds Myc (Fig. 6). However, the main Myc
binding site is at the Pvzl promoter (+73 kb). The
other candidate gene, Ccndl, also bound CAR, Yap/
Tead, and Myc but at separate enhancers (Supporting
Fig. S8).

To characterize full transcriptional effects, peak
libraries were compiled for each transcription factor
and then restricted to peaks within regions of acetyl-
ated histone.”® MEME-ChIP analysis confirmed
that each set had the expected binding specificity
because Yap binds as a coactivator at Tead sites (Fig.
7A). Positional analysis indicated that CAR and Yap
usually bound to separate enhancers. Their binding to
the same Myc +343kb site was therefore exceptional.
In contrast, CAR and Myc frequently bound to the
same enhancers, suggesting a direct positive interac-

tion (Fig. 7A).

Binding sites were linked to ~2,700 of 4,300 genes
that showed altered expression in response to either
TCPOBOP treatment or Yap ablation (Fig. 7B). The
Yap set was smallest but still associated with 300 reg-
ulated genes, whereas Myc binding was associated
with almost 2,500 genes. The numbers of gene link-
ages were proportional to the size of each set. Overall,
gene regulation was associated with combinations of

separate enhancers that bind CAR, Yap, Myc, or CAR
and Myc (Fig. 7B).

EFFECT OF HEPATOCYTE-
SPECIFIC YAP DELETION ON
LIVER REGENERATION AFTER
PHx

Considering the significant role of Yap in CAR-
driven proliferative response, we investigated whether
hepatocyte-specific Yap deletion affects hepatocyte
proliferation in classical liver regeneration model of
PHx as well. However, no difference was observed in
LW/BW ratio in Yap-KO and WT mice at various
time points (40 hours, 72 hours, 7 days, and 14 days)
up to 14 days after PHx (Fig. 8A). No obvious dif-
ference in hepatocyte proliferation was observed on
analysis of Ki67-stained liver section between Yap-KO
and WT mice during the entire proliferative phase
after PHx (Fig. 8B). Furthermore, quantification of
Ki67-stained liver sections at peak proliferative time
points (40 and 72 hours) revealed that hepatocyte
proliferation was comparable between Yap-KO and
WT mice (Fig. 8C). This suggests a differential role
of Yap in regulating hepatocyte proliferation during
CAR-driven augmentative hepatomegaly versus PHx.
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FIG. 6. Characterization of the transcriptional regulators in a 1 Mb region around Myc and Pot1. The Myc and Potl promoters are
separated by 53 Kb. They are within a region of multiple enhancers that regulate Myc expression, marked by regions of H4K5Ac that surround
central regions of DHS sites and transcription factor binding. TCPOBOP induces strong CAR binding to a site +343 Kb from the Myc
promoter and enhances histone acetylation and DHS. The same site selectively binds Yap/Tead in liver. The high acetylation, even in basal
liver, marks this as the most active regulatory region near Myc. Moreover, it is much closer to Myc then the next closest expressed genes, 414g,
1.4 Mb downstream, and Fam495, 1.7 Mb upstream (not shown). Compiled peak sets of CAR, Yap, Tead, and Myc are displayed along with
reference displays of messenger RNA, DHS, H3K4Me3, and H4K5Ac. Display colors: black, basal liver; brown, TCPOBOP-treated liver; blue,
doxycycline-treated transgenic liver. Detailed characterizations of the Myc gene-Put1 promoter region and the +343 kb enhancer region are shown
in the lower-half of the figure. Red vertical lines show the alignment of binding peaks with DHS and a centrally depleted region of H4K5Ac, a
pattern characteristic of active enhancers. MACS2-calculated P values for selected binding peaks are also displayed. The sequence at the bottom
shows the central peak region, with binding sites and their P values detected by FIMO. H3K4Me3, histone H3 trimethylated at lysine 4.

3 3 genes can be dissociated from proliferative response by
DISCUSSIOH the combined dlsruptlon of MET and EGFR signal-
In arecent study, we demonstrated that CAR-driven  ing in the liver.?) Here, we report very similar findings
adaptive response of induction of drug-metabolism after acute hepatocyte-specific deletion of Yap in adult
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mice. Although combined disruption of MET and
EGFR signaling almost completely eliminated CAR-
driven proliferative response, Yap-KO mice displayed
dampened proliferative response (hepatocyte prolifer-
ation was decreased by 80%). Similar to MET and
EGFR signaling inhibition, Yap-KO did not impact
CAR-induced drug-metabolism response. The finding
that Yap-KO cannot completely abolish hepatocyte
proliferation indicates that other Yap-independent
pathways can also contribute to CAR-driven pro-
liferation. For instance, CAR-driven inhibition of
HNF4a expression and its downstream transcrip-
tional signature remain unaffected by Yap deletion,
which is known to regulate proliferative actions of
CAR.®? Nevertheless, our study revealed that endog-
enous hepatocyte-specific Yap is one the crucial fac-
tors that selectively regulates CAR-driven hepatocyte
proliferation but not drug metabolism. Interestingly,
a recent report showed that Yap knockdown in mice
can specifically inhibit proliferative response driven
by pregnane X receptor (PXR), a xenobiotic-sensing
receptor closely related to CAR, without impactin

PXR-driven induction of drug-disposition genes.*?
This indicates that PXR and CAR might share com-
mon mechanisms involving Yap that selectively drive
their proliferative response. This study also showed
that PXR can directly bind to Yap. Furthermore, it
showed that activation of PXR can regulate Yap activ-
ity by controlling its nuclear accumulation and reduce
cytoplasmic phosphorylated Yap without altering
classical upstream regulators (Hippo pathway kinases)
of Yap.(3'2 Thus, Yap-PXR interaction may alter
availability of Yap for phosphorylation by upstream
kinases. Studies have shown increased nuclear accu-
mulation of Yap after CAR activation in mice, con-
sistent with alteration of Yap downstream gene
network and decreased phosphorylation of Yap after
TCPOBOP treatment in this study.(2’15) However, no
consistent pattern of alterations was observed in activ-
ity (i.e., phosphorylation) of upstream Hippo-pathway
kinases (Lats and Mst) in this study (data not shown).
Similar to PXR, whether CAR can directly bind Yap
and alter its activation is an issue that needs further
investigation. In wvitro gene reporter assay in AML12
cells showed that CAR can enhance Yap-driven tran-
scriptional activity and vice versa, suggesting potential
interaction of CAR and Yap.(ls) Strikingly, our analysis
of published ChIPseq data revealed strong binding of
Yap, TEAD, and CAR to the same enhancer of My,
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an important driver of TCPOBOP-induced prolifer-
ation. Moreover, genome-wide analysis of CAR and
Yap binding suggested that they can coregulate many
genes through separate enhancers, including Ccnd1, an
important regulator in TCPOBOP-driven prolifera-
tive response. One of the limitations of this in silico
analysis was that it was conducted on data sets that
used a Yap overexpression system. In the future, fur-
ther ChIPseq studies of Yap and CAR specifically in
a TCPOBOP model will likely provide more insight
into Yap and CAR interactions.

Our study also suggested that Yap only regulates
CAR-driven proliferative response but not hypertro-
phy and thus has less of an impact on overall liver size
than one would have expected from the Ki67 results
alone (Fig. 1). The overall effect on liver size is weaker
because it is dependent on a combination of both
hepatocyte hypertrophy and proliferation. Increase in
hepatocyte size starts even before hepatocyte prolifer-
ation after TCPOBOP treatment and is governed by
highly elevated synthesis of drug-metabolism enzymes
(and associated organelle),(lg) which was not altered
by Yap deletion in our study. Disconnect between
TCPOBOP-induced liver growth and hepatocyte
proliferation has been demonstrated in Gadd45b-KO
mice, which displayed increased propensity of hepato-
cyte proliferation but lower liver growth compared
with WT mice after TCPOBOP treatment.™®

In our study, one of the mechanisms by which Yap-
regulated TCPOBOP-driven proliferative response
was by altering Myc-Foxm1 signaling axis. Yap-KO
displayed impaired induction of Myc protein expres-
sion, and activation of its downstream gene network,
which is known to be crucial for driving CAR-
induced hepatocyte proliferation. Myc-KO mice have
been reported not only to display attenuated hepato-
cyte proliferation and induction of proliferative genes
after TCPOBOP treatment but, more importantly,
induction of drug disposition and hypertrophy were
not affected in Myc-KO mice.?V Furthermore, some
degree of proliferation was still present in Myc-KO
mice following TCPOBOP treatment, similar to
Yap-KO mice in our study.?") This similarity in phe-
notype between Myc-KO mice and our Yap-KO mice
further substantiates that Yap acts through Myc to
regulate CAR-driven proliferative genes but is not
required for induction of drug-metabolism genes
and hypertrophy. Moreover, analysis of the published
ChIPseq data indicated that Myc binds to ~35% of
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the same enhancers that CAR binds, suggesting a
direct positive interaction. There was also a striking
overlap of genes regulated by CAR and Myc through
separate enhancers (Fig. 7). Apart from direct acti-
vation of the proliferative gene network, Yap might
also be involved in negatively regulating antiprolifer-
ative signaling pathways, including p21 and p53 after
TCPOBOP treatment, as predicted by our microarray
analysis of Yap-KO mice and elevated p21 expression
in Yap-KO mice during the peak of proliferation. This
antiproliferative effect in Yap-KO mice might also be
mediated through Myc, as increased p21 expression
in response to TCPOBOP treatment has been also
reported in Myc-KO mice.?!

In response to TCPOBOP treatment, Myc has
been reported to directly bind to Foxml promoter
and induce its transcription.?" Consistent with this
study, in addition to impaired Myc induction, Yap-KO
mice also displayed dampened induction of Foxm1 in
response to TCPOBOP treatment. Foxm1 is a master
transcriptional regulator of cell cycle progression that
regulates proliferation by regulating transcription of
important cell cycle genes, including Cdc25 phospha-
tases (which activate cyclin-dependent kinases), cyclins
(such as Cenb1), and several mitotic regulators (such as
Aurora B kinase, survivin, and polo-like kinase-1).2%
Consistent with lower induction of Foxml, induc-
tion of all these proliferation genes and overall Foxm1
downstream gene network was decreased in Yap-KO
mice in response to TCPOBOP treatment. Foxm1 also
negatively regulates expression of cell cycle inhibitors,
such as p21, which was increased in Yap-KO mice in
response to TCPOBOP treatment.?”) The critical role
of Foxm1 in CAR proliferative actions can be high-
lighted by the fact that TCPOBOP-driven hepatocyte
proliferation that causes regenerative response and sur-
vival after extensive liver resection (86%) model was
lost after Foxm1 knockdown in mice.? Overall, our
study demonstrated that Yap-KO mice have impaired
activation of Myc-Foxm1 signaling, which is required
tor CAR-driven proliferation.

Although Yap remains inactivated in hepatocytes
in quiescent liver, inactivation of Mst/Lats kinases,
nuclear localization of Yap, and activation of Yap
target genes were also observed during proliferation
after PHx in mice.®® Furthermore, Yap signaling was
normalized following restoration of liver mass after
PHx.®® However, in our study, hepatocyte-specific
deletion of Yap in adult mice only altered CAR-driven
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proliferative response but did not alter hepatocyte pro-
liferation and restoration of liver mass after PHx at
any time during the entire time course of regeneration.
Hepatocyte-specific Yap might still have some con-
tribution to timely regenerative response after PHx,
but its elimination is dispensable for regeneration and
might be compensated by some other proregenerative
pathways. Taz might compensate for Yap functions
during regeneration after PHx, as a recent study has
demonstrated that combined deletion of Yap and Taz
in liver significantly decreases hepatocyte proliferation
and delays regeneration after PHx in mice."” This
difference from our findings might also arise because
of utilization of different experimental approaches:
Yap/Taz was deleted in both hepatocytes and chol-
angiocytes, prenatally, in this study using Alb-CRE
mice,"® whereas Yap was acutely deleted specifically
in hepatocytes in adult mice using AAV8-TBG-
CRE in our study. Furthermore, Yap/Taz-deleted
mice displayed liver injury and consequent hepato-
megaly at basal level, which might affect regenerative
response.(13) On the other hand, acute Yap-KO mice
did not show any apparent injury or overt histology
in our study.

In conclusion, we provide direct and specific evi-
dence that hepatocyte-specific Yap is crucial for CAR-
driven proliferative response in mice liver but not for
CAR-driven induction of drug-disposition enzymes.
Furthermore, Yap-KO mice displayed impaired acti-
vation of Foxm1/Myc signaling pathway in response
to CAR activation, which is essential for CAR-driven
proliferative response. Lastly, hepatocyte-specific Yap
was dispensable for liver regeneration after partial
hepatectomy.
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