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Control of organ size by cell proliferation and survival is a
fundamental developmental process, and its deregulation leads to
cancer. However, the molecular mechanism underlying organ size
control remains elusive in vertebrates. In Drosophila, the Hippo
(Hpo) signaling pathway controls organ size by both restricting cell
growth and proliferation and promoting cell death. Here we inves-
tigated whether mammals also require the Hpo pathway to control
organ size and adult tissue homeostasis. We found that Mst7 and
Mst2, the two mouse homologs of the Drosophila Hpo, control the
sizes of some, but not all organs, in mice, and Mst7 and Mst2 act as
tumor suppressors by restricting cell proliferation and survival. We
show that Mst1 and Mst2 play redundantroles, and removal of both
resulted in early lethality in mouse embryos. Importantly, tumors
developed in the liver with a substantial increase of the stem/pro-
genitor cells by 6 months after removing Mst1 and Mst2 postnatally.
We show that Mst1 and Mst2 were required in vivo to control Yap
phosphorylation and activity. Interestingly, apoptosis induced by
TNFa was blocked in the Mst1 and Mst2 double-mutant cells both
in vivo and in vitro. As TNFa is a pleiotropic inflammatory cytokine
affecting most organs by regulating cell proliferation and cell death,
resistance to TNFa-induced cell death may also contribute signifi-
cantly to tumor formation in the absence of Mst1 and Mst2.

Hippo signaling | tumor suppressor | Yap phosphorylation

During development and regeneration, the determinants of
vertebrate organ size are poorly understood, but include
extrinsic and intrinsic factors that coordinate cell proliferation
and cell death (1-4). Recent studies in Drosophila suggest that
the Hippo (Hpo) signaling pathway plays an important role in
organ size control (5, 6). Central to the Hpo pathway is a kinase
cascade consisting of Hpo, Salvador (Sav), Warts (Wts), and
Mats (6, 7). Mutations in any of these genes resulted in over-
growth of adult appendages, including eyes and wings (8-16).
Hpo, also called dMst (9), is the Drosophila homolog of mam-
malian Ste20 family kinases Mst1 and Mst2, and forms a complex
with the WW-repeat scaffolding protein Sav to phosphorylate
and activate the downstream kinase Wts/Lats. Wts/Lats acts in
association with a small regulatory protein Mats to restrict cell
growth and proliferation and promote cell death primarily by
regulating Yorkie (Yki), the Drosophila homolog of mammalian
transcriptional coactivator YAP and TAZ (17-19). Hpo/Wts-
mediated phosphorylation of Yki restricts its nuclear localization
(20-22), and Yki interacts with the TEAD/TEF family tran-
scription factor Scalloped (Sd) to regulate Hpo pathway target
genes (21, 23, 24).

The Hpo pathway is evolutionarily conserved, and the verte-
brate Hpo pathway has been implicated in regulating cell contact
inhibition, organ size, and tumorigenesis (6, 7). Yap is the pri-
mary effector of the mammalian Hpo pathway (20, 25-27). YAP
in human is a candidate oncogene that is amplified in several
types of tumor (28, 29). YAP protein levels and/or nuclear
localization are elevated in many human cancers (20, 30). Yap
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nuclear localization can be regulated by cell-cell contact through
Lats-mediated phosphorylation (20, 25). Overexpression of an
activated and nuclear localized form of Yap in mouse liver
increased liver size (20, 26), which ultimately resulted in hep-
atocellular carcinoma (20). As in Drosophila, the TEAD family
of transcription factors mediates the function of Yap and Taz in
mammalian cells (31-34).

Here we have addressed the physiological role of the mam-
malian Hpo pathway mediated by MstI and Mst2 during embry-
onic development and adult tissue homeostasis by genetically
removing MstI and Mst2 in mouse embryos and adult tissues. We
found that MstI and Mst2 play redundant roles and are required
for mouse embryonic development, size control of some organs,
and tumor suppression. We also provide evidence that resistance
to TNFa-induced cell death may contribute significantly to tumor
formation in the absence of Mst/ and Mst2.

Results

Mst1 and Mst2 Play Redundant Roles in Mammalian Embryonic
Development. To investigate the function of the mammalian
Hpo signaling pathway in vivo (6, 7), we generated conditional
alleles of Mstl (Mst1°) and Mst2 (Mst2°). The mutant MstI* and
Mst2* alleles were derived from the conditional alleles using the
Sox2-Cre line (35) (Fig. S14). Because the sequences encoding
the kinase domains were deleted in the MstI* and Mst2* alleles,
and Mst1 and Mst2 proteins were not detected in the MstI* and
Mst2*'* embryos (Fig. S1B), the MstI* and Mst2* are null alleles.
The MstI** and Mst2*/* mice were viable, morphologically nor-
mal, and fertile. This is due to the functional redundancy of Mst/
and Mst2 in embryonic development as the MstI*“;Mst2** mice
were embryonically lethal (Table S1 and Fig. S2). The double-
mutant embryos were reduced in size, developmentally delayed,
and died between E9.5 and 11.5 (Table S2 and Fig. S24), possibly
due to hematopoietic defects, because the yolk sac and the
embryo were very pale compared with the control (Fig. S2B). The
Mst124:Mse2*'+ and Mst12'";Ms2*’® mice were also viable,
morphologically normal, and fertile. These findings suggest that
Mstl and Mst2 play redundant and essential roles in early
embryonic development, and that one copy of either Mst1 or Mst2
is sufficient to support normal embryonic development.
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We then examined Yap phosphorylation in primary mouse
embryonic fibroblast (MEF) cells and hepatocytes. Yap phos-
phorylation was significantly reduced when Mst! and Mst2 were
removed in hepatocytes, but not in MEF cells (Fig. S1C). Using a
TEAD/Sd luciferase reporter (21), however, we found that the
transcriptional activity of Yap was increased in the Mst1/Mst2
MEF cells (Fig. S1D), suggesting that Mst/ and Mst2 may be
required differentially for Yap phosphorylation and TEAD
activity inhibition in vivo.

Mst1 and Mst2 Regulate the Size of Certain Organs. Because early
lethality of the MstI**;Mst2*/* mutant embryos precludes the
assessment of the role of MstI and Mst2 at later stages of devel-
opment, particularly in regulating mammalian organ size and
tissue homeostasis, we employed tissue-specific Cre lines to
remove Mst1 and Mst2 in specific organs. Surprisingly, when Mst!
and Mst2 were removed from the developing limb mesoderm by
the PrxI-Cre (36) (Fig. S3 A and B), the limb was actually shorter
with shorter skeletal elements (Fig. S3C). However, there were no
obvious defects in skeletal development (Fig. S3D) except that the
cell size appeared to be smaller and cell density was increased in
the cartilage of the Mst1¥*;Mst2°'4;Prx1-Cre embryo (Fig. S3 D
and E). Chondrocyte proliferation, as examined by Ki67 expres-
sion, was significantly increased in the mutant embryo (Fig. S3F).
Interestingly, in the mutant, Ki67 staining was also detected in the
enlarged hypertrophic chondrocytes, which had exited cell cycle
and undergone terminal differentiation in the control embryo.
Thus, the mammalian Hpo signaling pathway is not required for
hypertrophic differentiation of chondrocytes, but is required for
these cells to exit cell cycle during hypertrophy. Cell death
examined by the TdT-mediated dUTP nick end labeling
(TUNEL) assay was detected in the hypertrophic chondrocytes at
the chondro-osseous junction in the control embryo, whereas in
the mutant, it was reduced (Fig. S3G). Despite increased cell
proliferation and reduced cell death, the cartilage size of the
mutant was not increased, indicating that cell proliferation and
death are not the only determining factors in vertebrate organ
size control.

To test whether loss of Mst] and Mst2 can lead to increased sizes
in other organs, we removed MstI and Mst2 in all organs in new-
born mouse pups with the tamoxifen (TM)-inducible CAGGCre-
ER line (37). Injecting TM into the mouse pups induced sub-
stantial gene deletion in the liver, stomach, small intestine, skin,
lung, heart, spleen, and kidney when assessed by molecular anal-
yses and the R26R mouse line (38) (Fig. S3 H-J). No obvious
change was observed in the size of total body, limb, and skeleton in
the Mst1*4;Mst2°"4;CAGGCre-ER mice. However, the liver and
stomach were always enlarged 1-7 months after TM-induced gene
inactivation. The heart and spleen were also enlarged, albeit less
frequently. We never observed enlarged lung, kidney, and intes-
tines (n = 8). Furthermore, removing Mst and Mst2 specifically in
the liver by the Albumin-Cre (39) resulted in significant liver
enlargement and dysplasia at 1 month of age (Fig. 14). Hep-
atocytes in the mutant were smaller and cell densities were higher.
Some cells showed vacuolated cytoplasm (Fig. 1B). Cell pro-
liferation was increased (Fig. 1C), but cell death was only slightly
increased in the mutant liver (Fig. 1D). These findings suggest that
Mst1 and Mst2 are required to restrict cell proliferation, but their
control of organ size is tissue specific in mammals.

Loss of Mst1 and Mst2 Leads to Tumor Formation in the Liver. To test
whether increased cell proliferation in the absence of Mst/ and
Mst2 eventuallAy led to tumor formation, we let the TM-injected
Mst1**:Mst27;CAGGCre-ER mice and their wild-type litter-
mate mice age. By 6 months, liver tumors developed in all MstI*/
A Mst2?*;CAGGCre-ER mice (6/6) (Fig. 24). No tumor was
found in the heart, lung, kidney, small intestine, or skin. In
addition, all TM-injected wild-type mice were normal and tumor
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Fig. 1. Removal of Mst7 and Mst2 in the liver. (A) Livers from 1-month-old
mice. (B) H&E staining of liver sections. The boxed region is shown in higher
magnification in the lower panel. The cells in the Mst144;Mst2<;Albumin-
Cre liver were smaller and the density was higher. (C) Cell proliferation
shown by Ki67 (green, arrow) and BrdU staining (brown, Lower). More Ki67-
or BrdU-positive cells were found in the Mst142;Mst2<*;Albumin-Cre liver.
Autofluorescence blood cells were indicated by arrowhead. (Right) Statistical
analysis. (D) TUNEL assay of liver sections. A slight increase in cell death
(arrow) was detected in the mutant liver as quantified in the right panel.

free. The liver tumor nodules displayed characteristics of hep-
atocellular carcinoma (HCC). The cells in the nodule exhibited
abnormal hematoxylin and eosin (H&E) staining, cellular
pleiomorphism (some enlarged cells were mixed with small
cells), and/or loss of cytoplasmic staining (Fig. 2B). In some liver
tumor samples, cholangiocarcinoma (CC), composed of mainly
multilayered biliary epithelial cells, was also found (Fig. 2B).
Significantly increased cell proliferation was found in the liver of
the Mst1*4;Mst2*;CAGGCre-ER mice (Fig. 34). However, cell
death was also increased in the liver tumors (Fig. 3B), possibly
secondary to cell overproliferation. These findings suggest that
Mst1 and Mst2 suppress tumors by restricting cell proliferation.
To test whether tumors form spontaneously as a result of loss of
heteroz}ygosity of Mst1 or Mst2, we let the MstI*"*:Mst2°4, Mst1*
A-Mst2°° mice and their MstI**;Mst22 /" control littermates a;e
(n > 30). By 12 months, only liver tumors were found in the Mst1*;
Mst2* mice (2/31) (Fig. S44). Because Mst2 could not be detected
in the tumor nodules in the MstI**;Mst2°* liver, the tumor likely
resulted from loss of Mst2 heterozygosity in the absence of Mst]
(Fig. S5B). These findings show that Mst! and Mst2 are potent
tumor suppressors, in the absence of which liver tumors form
preferentially.

Because expression of an active form of Yap (YapS127A) leads
to increased liver size and ultimately liver tumor formation (20), we
tested whether increased cell proliferation and tumor formation in
the liver of the Mst1*;Mst2¢/4:CAGGCre-ER mice are associated
with reduced Yap phosphorylation by analyzing liver samples with
immunohistochemistry and Western blots. YAP protein levels
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Fig. 2. Liver tumors form in the absence of Mst1 and Mst2. (A) Livers from 6-
month-old TM-injected wild-type and mutant mice. Two of the mutant livers
with tumor nodules are shown. (B) H&E staining of liver sections from the liver
samples in A. Boxed regions are shown in the lower panel in higher magnifi-
cation. Both hepatocyte carcinoma (HCC) and chonlangiocyte carcinoma (CC)
were observed. Multilayered epithelial cells are indicated by arrows.

were increased and Yap phosphorylation was significantly reduced
in the primary Mst14/4; Mst2*/* hepatocytes and liver tumor nodules
(Fig. S1C and Fig. 3C). In addition, Yap nuclear localization was
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increased in pretumor hepatocytes (Fig. 3E) and liver tumor nod-
ules (Fig. 3D and Fig. S4B).

Cellular and Molecular Alterations in the Mst71 and Mst2 Mutant Liver.
To understand the molecular mechanism underlying tumor for-
mation in the absence of Mst! and Mst2, we examined expression
of genes implicated in Yap-regulated proliferation and cell death
in the liver (21). In both the liver tumor nodules and pretumor
mutant liver samples (Fig. S4 C and D), Survivin mRNA expression
was significantly up-regulated. We did not observe consistent up-
regulation of cMyc, cIAP, and Sox4 expression. Interestingly, we
also found that in the liver tumor nodules and pretumor mutant
liver tissue, p-catenin levels were increased and nuclear local-
ization of p-catenin was observed (Fig. S4 E and F). In addition,
loss of Mstl and Mst2 led to increased p-catenin transcription
activity in the MEF cells (Fig. S4G). These findings suggest that the
Wnt/p-catenin signaling activity, which is oncogenic by itself (40—
42), was also increased in the absence of MstI and Mst2.

The presence of both HCC and CCin the liver of Mst1 AL M2,
CAGGCre-ER mice suggests that these tumors may have originated
from liver progenitor cells that give rise to both hepatocytes and
cholangiocytes (biliary epithelial cells). When a stem/progenitor
cell on its way to differentiation develops into cancer, this will give
rise to tumors with a full range of phenotypes with varying hep-
atocellular and cholangiacellular differentiation characteristics
(43). Liver stem cell/progenitor cells are hard to find in the wild-
type adult liver, and they express cytokeratin 19 (CK-19) and alpha-
fetoprotein (AFP) (43-47). However, in the liver of the Mst1*";
Mst2°;CAGGCre-ER mice, the number of CK-19- and AFP-
expressing cells was dramatically increased (Fig. S4H), suggesting
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Increased cell proliferation and reduced Yap phosphorylation in the liver tumor. (A) Ki67 (green) and BrdU staining (brown) of liver sections from 6-
month-old TM-injected wild-type and Mst14"4;Mst2“4;CAGGCre-ER mice. In the HCC regions, both Ki67- and BrdU-positive cell numbers were increased as shown
by quantification. DAPI (blue) stains the nucleus. Autofluorescence blood cells were indicated by arrowhead. (B) TUNEL assay of liver sections as in A. Cell death
(green) was increased in the HCC region as shown by quantification. (C) Western blot of samples from normal (wild-type) and tumor (Mst144;Mst274:CAGGCre-
ER)-bearing livers. GAPDH was control for total protein, and Yap phosphorylation levels were normalized by the total Yap protein. The phosphorylated YAP to
total YAP protein ratio was significantly reduced in the mutant as quantified by densitometry. (D and E) Immunohistochemistry of Yap (green) on the liver

sections. Yap protein levels and nuclear localization (arrow) were increased in the mutants. (Lower) Nucleus stained red by propidium iodide (PPI, red).
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Fig. 4. TNFa-induced liver toxicity was blocked by loss of Mst1 and Mst2.

(A) Survival of Cre-adenovirus-injected wild-type mice (n = 10), Mst14;Mst2
* mice (n = 10), and Mst14%:Mst29* mice (n = 10) after treatment with GalN
and TNFa. (B) TUNEL analysis of liver tissue isolated 6 h after administration
of GalN and TNFa. Results represent the staining of four mice from each
group. (C) Serum concentration of liver enzymes in nontreated mice or at 6 h
and 24 h after treatment with GalN and TNFa (n = 5 mice per group). ALT,
alanine aminotransferase; AST, aspartate aminotransferase.
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that the HCCs and CCs might result from overproliferation of the
stem/progenitor cells.

Loss of Mst1 and Mst2 Renders Liver Resistant to TNFo-Induced
Apoptosis. As cytokines like TNFa play very important roles in
regulating hepatocyte proliferation and survival (48, 49), and loss
of Mst1 and Mst2 led to liver tumor formation preferentially, we
examined TNFa response in the MstI and Mst2 mutant cells. Both
MstI**;Mst2** MEF cells and hepatocytes were resistant to
TNFa-induced cell death (Fig. S54). In support of this, we found
that in both MEF cells and hepatocytes, TNFa-induced JNK
activation was weakened and AKT activation was prolonged,
suggesting that JNK and AKT activation by TNFa in regulating
cell death might, to a certain extent, requires Mst! and Mst2 (Fig.
S5 B and C). Other immediate readouts of TNFa signaling,
including IkB degradation, were normal (Fig. S5D).

To test whether loss of MstI and Mst2 renders liver resistant to
TNFa-induced cell death, we first removed the MstI and Mst2 in
the liver by injecting the Cre-adenovirus into the Mst1*;Mst2?,
Mst1*;Mst2¢/*+ and wild-type mice. The adenovirus preferentially
infects the liver as shown by the injected GFP-adenovirus (Fig.
S6A). Acute liver cell death was induced in vivo by injecting TNFa
to mice (50). Though all wild-type mice died by 6.5 h postinjection
(PI), all MstI**;Mst2* littermates were completely protected
from TNFa-induced liver injury and appeared healthy until 24 h or
even 2 months PI (Fig. 44). Interestingly, most of the Mst1*;
Mst2F mice also survived at 24 h PI and appeared to be healthy
(Fig. 44). Apoptosis was strongly increased in the wild-type livers,
but significantly and progressively reduced in the Mst14*;Mst2/*
and Mst1**;Mst2“* livers (Fig. 4B). Higher circulating concen-
trations of alanine aminotransferase (ALT) and aspartate amino-
transferase (AST) in wild-type mice at 6 h PI confirmed the
development of liver injury (Fig. 4C). The Mst1*;Mst2°* mice had
ALT and AST levels similar to those of untreated ones, whereas the
AST and ALT levels in the Mst1*;Mst2“’* mice were only slightly
increased (Fig. 4C). By 24 h PI, the AST and ALT levels were much
higher in the MstI*;Mst2'* mice (Fig. 4C). Therefore, the dele-
tion of MstI and Mst2 rendered mice resistant to TNFa cytotoxicity
in a gene-dose dependent manner. We also notice that the AST and
ALT levels in the untreated Mst1*/*;Mst2“* mice were higher than
those in the wild-type control mice (Fig. 4C), suggesting that there
was liver inflammation in the Mst1%2;Mst2* mice.

The requirement of MstI and Mst2 in promoting cell death was
further confirmed by activating the death receptor Fas, a potent
inducer of liver apoptosis, through injecting the Jo-2 antibody, a
Fas agonist (51-53). All wild-type control mice died by 4.5 h PI,
whereas all MstI*2;Mst2°* and Mst1*:Mst2’t mutant mice
survived beyond 16 h PI (Fig. S6B). Again, cell death was massive
in the wild-type liver, but much reduced in the MstI*4;Mst2* and
MstI**:Mst2”* mutant liver (Fig. S6C). Taken together, these
findings suggest that MstI and Mst2 are required to promote cell
death triggered by external signals such as TNFa in vivo.

Discussion

Here we show that the mammalian Hpo homologs MstI and Mst2
are required to control cell proliferation and cell death in both
embryonic development and adult tissue homeostasis. Loss of
Mst1 and Mst2 leads to increased organ size and tumor formation
preferentially in the liver. Mstl and Mst2 are potent tumor
suppressor genes; a single copy of either MstI or Mst2 can sig-
nificantly inhibit tumor formation in the liver.

How appropriate organ sizes are achieved and maintained in
development and tissue repair or regeneration is a question that
has fascinated many biologists. Organ sizes are controlled by both
intrinsic and extrinsic factors, and it is conceivable that extrinsic
factors need to act through intrinsic pathways. MstI and Mst2 are
key players in a critical intracellular signaling pathway controlling
cell proliferation and cell death during organ size control and
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tumorigenesis. Whether Mst1 and Mst2 activities are controlled by
extracellular cues or whether they are constitutively active intrinsic
regulators remains elusive. In Drosophila, the atypical cadherin
Fat (Ft) has been identified as a potential receptor regulating the
Hpo pathway (54-56). However, in mammalian cells, the role of
Fats in regulating tissue growth has not been demonstrated. Here
we have identified cytokines like TNFa as critical extracellular
cues that may act through the mammalian Hpo pathway to regu-
late cell death. These findings also suggest that Mst/ and Mst2 may
play important roles regulating inflammation.

It is important to note that when Ms¢I and Mst2 were removed
by ubiquitously expressed inducible Cre recombinase, not all
organs increased their sizes. Organ sizes are determined by at
least the following factors: cell number, size, and density. It has
been shown that different vertebrate organs employ distinct
mechanisms to control organ sizes (57). For instance, the pan-
creas organ size is determined by the number of progenitor cells
that are set aside early in development, whereas the liver size is
not constrained by the early progenitor cell numbers. In both liver
and cartilage, we observed reduced cell size and increased cell
density when cell proliferation was increased. Thus, it appears
that organs can offset the impact of cell number changes on final
organ sizes by altering cell size and density, although the under-
lying feedback mechanism is not clear. In the cartilage, such
feedback mechanism is so robust such that the final cartilage is
even smaller in the Mst] and Mst2 mutant limb. In addition, ver-
tebrate organs are more complex in that each organ is composed of
a distinct set of different cell types. Interactions among these dif-
ferent cell types also contribute significantly to final organ size. For
instance, the limb size is controlled by epithelial-mesenchymal
interactions mediated by factors such as the fibroblast growth
factors (Fgfs) (58, 59). Such interactions may also be subject to
feedback regulations when cell proliferation or cell death is
intrinsically altered, for instance, by loss of Mst1 and Ms:z2.

The rapid development of liver tumor caused by loss of Mst/
and Mst2 or Yap overactivation suggests that Yap is a primary
effector of the mammalian Hpo signaling pathway in vivo. Intri-
guingly, Yap phosphorylation was much less dependent on Mst!
and Mst2 in MEF cells than in hepatocytes, suggesting that Yap
phosphorylation does not entirely depend on Mst/ and Mst2. In
mice, other Ste20 kinase family members that have lower
sequence homologies to Hpo outside of the kinase domain may
also phosphorylate YAP, albeit less efficiently. Tissue-specific
regulation of Yap phosphorylation and Yap activity may explain
why tumors form more quickly in the liver than in other organs,
such as the intestine (Fig. S7).

HCC is the fifth most frequent cancer worldwide and the third
leading cause of cancer death due to the lack of effective treatment
options (60). Surgical removal or liver transplantation is the only
curative treatments for HCC, but neither is applicable to most
patients with advanced disease. Liver cancer may respond differ-
ently from other cancers to standard treatments because of the
intrinsic regenerative ability of the liver. The development of HCC
and CCis invariably associated with chronic liver damages that can
target liver progenitor cells, leading to their expansion and trans-
formation (43, 61). HCCs expressing progenitor cell markers like
CK-19 have a more aggressive clinical course. Some studies show
that even 5% CK-19 positive cells already affect the outcome of the
patient (43). Thus, determining the precise cellular origin of liver
tumors is critical in developing the most effective therapeutic
strategies. Importantly, we have identified Hpo signaling pathway
as a significant target in treating aggressive liver tumors. First, the
liver tumors formed in the MstI and Mst2 mutants are likely to be
caused by increased proliferation of liver stem/progenitor cells

1. Twitty VC, Schwind JL (1931) The growth of eyes and limbs transplanted
heteroplastically between two species of Amybystoma. J Exp Zool 59:61-86.
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that can give rise to both hepatocytes and cholangiocytes. Second,
Mstl and Mst2 mutant cells are resistant to TNFa-induced cell
death. TNFa is a major cytokine/growth factor in the liver that
promotes liver progenitor cell growth, and it is produced during
inflammation and partial hepatectomy (PH) (47). It is conceivable
that loss of cell death response to TNFa will significantly augment
its proproliferation effect in liver tumorigenesis.

Materials and Methods

Mouse Strains. The Sox2-cre (35), CAGGCre-ER (37), and R26R (38) mouse lines
have been described previously. Genotyping was done by PCR using genomic
DNA prepared from the mouse yolk sac or tail.

Tamoxifen (TM) Induction in Mice. TM (Sigma) was dissolved in corn oil (Sigma)
at a concentration of 30 mg/mL. A single dose of tamoxifen (0.2 mg/g body
weight) was injected intraperitoneally at postnatal day 10 (P10). Organ
samples were fixed in 4% paraformaldehyde overnight at 4 °C and embedded
in paraffin and sectioned at 6 pm thickness.

Histological Analysis and Western Blot. Primary antibodies used in immuno-
histochemistry include anti-Ki67 mouse monoclonal IgG (Dako) at 1:50, anti-
Yap rabbit polyclonal IgG (Santa Cruz) at 1:50, anti-phospho-Yap rabbit pol-
yclonal 1gG (Cell Signaling) at 1:50, anti-B-catenin mouse monoclonal IgG
(Transduction Lab), anti-Mst2 rabbit polyclonal IgG (Cell Signaling) at 1:50,
anti-CK-19 mouse IgG (Dako) at 1:50, and anti-AFP goat IgG (Dako) at 1:25. The
signal was detected using FITC-conjugated secondary antibodies (Molecular
Probes). Apoptosis was detected as described (62). Additional antibodies used
in Western blot: anti-JNK (BD Pharmingen); anti-phospho-JNK (Cell Signaling);
anti-Akt and anti-phospho-Akt (Cell Signaling); and anti-GAPDH (Sigma).

Quantitative RT-PCR. Quantitative PCR was performed to measure the relative
mRNA levels using Platinum SYBR Green kit (Invitrogen). Samples were
normalized with p-tubulin and actin expression.

Cre-adenovirus and GalN/ TNFa Injection. Cre-adenovirus was injected at 2 x
10° pfu/mL in 0.15 mL sterile saline into adult mice via retro-orbital sinus
using a 27- to 29-gauge needle. The mice were housed for a week before
TNFo/GalN injection. The TNFa-induced liver toxicity experiments were per-
formed as described (51). TNFa was administered via retro-orbital sinus.
Blood was collected at 6 h and 24 h respectively. Serum was separated and
analyzed for aminotransferase activities.

Isolation and Culture of Primary Mouse Hepatocytes and MEF Cells. Primary
hepatocytes were isolated by a two-step collagenase perfusion of the liver
(63) from 1- to 2-month-old mice. MEF cells were isolated from E12.5-E14.5
embryos and cultured in DMEM containing 10% FBS.

Apoptosis and Proliferation Assay. Apoptosis assays of MEF cells were per-
formed by flow cytometry after staining the cells with annexin-V-FITC (Phar-
mingen) and propidium iodide (Roche) following treatment with 10 ng/mL
TNFa and 10 pg/mL cycloheximide for 16 h. Hepatocytes were treated with
30 ng/mL TNFaand 10 pg/mL cycloheximide for 8 h, and fragmented DNA were
determined with the Cell Death Detection ELISA Kit (Roche). Proliferation was
assessed by the percentage of Ki67- or BrdU-positive cells.

Adenoviral Infection and Luciferase Assay. Luciferase activity was measured
24-36 h after transfection according to the Dual-Luciferase Reporter Assay
System (Promega). The histograms are presented as the average + SD from
three independent transfections. For adenoviral infection, primary hep-
atocytes or MEF cells were incubated with Cre- adenovirus at 1 x 10° pfu/mL
for 2 h in suspension, and analyzed 48-72 h later.
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