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How organ size is controlled in mammals is not currently understood.
In Drosophila the Hippo signaling pathway functions to suppress
growth in imaginal discs and has been suggested to control organ
size. To investigate the role of hippo signaling in regulation of mam-
malian organ size we have generated conditional alleles of Sav1,
mst1, and mst2, orthologs of Drosophila Salvador and hippo, respec-
tively. Specific deletion of both mst1 and mst2 in hepatocytes results
in significantly enlarged livers due to excessive proliferation. By the
age of 5-6 months, mst1/2 conditional mutant livers have multiple
foci of liver tumors, indicating that the combined activities of mst1
and mst2 act as redundant tumor suppressors in hepatocytes. Similar
findings were obtained with liver-specific deletion of Sav1, a second
core Hippo signaling component that facilitates activation of mst1
and mst2. Tumors from sav1 mutants exhibited varied morphology,
suggesting a mixed-lineage origin of tumor-initiating cells. Transcrip-
tional profiling of liver tissues from both mst1/2 and sav1 conditional
mutants revealed a network of Hippo signaling regulated genes with
specific enrichment for genes involved in immune and inflammatory
responses. Histological and immunological characterization of mst1/2
double mutant liver tissues revealed abundant accumulation of adult
facultative stem cells termed oval cells in periductal regions. Because
oval cells induction is commonly associated with liver injury and
tumor formation, it is likely that these cells contribute to the enlarged
livers and hepatomas that we observe in sav? and mst1/2 mutants.
Taken together, our results demonstrate that the Hippo signaling
pathway is a critical regulator of mammalian liver growth and a
potent suppressor of liver tumor formation.

hepatocellular carcinoma | oval cell response | Hippo signaling

he Hippo signaling pathway has recently been identified in
Drosophila as an essential regulator of cell proliferation and
apoptosis during development (1, 2). Key components of the hippo
pathway include two kinases, hippo and warts that function in a
cascade to phosphorylate the transcriptional activator protein
yorkie, resulting in retention of yorkie in the cytoplasm. When
Hippo signaling is attenuated, yorkie phosphorylation is reduced
or absent, leading to its nuclear localization, binding to the
sequence-specific DNA-binding protein scalloped and regulation
of target genes. In Drosophila, transcriptional targets of hippo
signaling include cyclinE and diap1 that promote proliferation and
survival, respectively. Hence, Hippo signaling coordinately regu-
lates organ growth by affecting rates of cell division and apoptosis.
In mammals, each component of the core Drosophila Hippo
signaling cascade has at least one conserved ortholog and bio-
chemical studies indicate that they function in a similar manner to
affect nuclear versus cytoplasmic localization of the mammalian
yorkie orthologs yap and taz (3, 4). Furthermore, studies in cell
culture and in vivo suggest that nuclear localization of yap and taz
drives cell proliferation and survival, consistent with a conserved
role for Hippo signaling in regulating organ size in mammals.
Despite conservation of biochemical function and the ability
of nuclear yap to drive cell proliferation and survival, little is
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known about the requirements for mammalian Hippo signaling
during normal development and in regulating organ size. Pre-
vious loss-of-function studies have been hampered by early
lethality of mammalian core Hippo signaling pathway mutants or
by potential redundancy between individual orthologs (5-9).
Hence, whether Hippo signaling is normally required to regulate
mammalian organ size, to repress proliferation and promote
apoptosis, and to suppress tumor formation is not known.

Here we employ a conditional mutagenesis strategy in mice to
address the function of core Hippo signaling pathway components
in regulation of organ size and in repressing tumor formation.
Specifically, we have used conditional alleles of mammalian ortho-
logs of hippo, the serine-threonine kinases mist] and mst2, to address
requirements for hippo signaling in the postnatal liver, a tissue
previously shown to be responsive to elevated levels of nuclear yap.
Our results indicate that in the liver the combined activities of mst!
and mst2 are required to repress proliferation of mature hep-
atocytes, to prevent activation of facultative adult liver stem cells
(oval cells), and to inhibit tumor formation. Additionally, we show
using a conditional allele of sav1, that an adaptor that potentiates
mstl and mst2 activity is likewise required to suppress growth in the
mature liver and to prevent tumor formation. Hence, taken
together, our results define previously undescribed essential func-
tions for mammalian hippo signaling in regulation of organ size, cell
proliferation and survival, and tumor suppression.

Results and Discussion

Hippo Signaling Is Required to Suppress Liver Growth In Vivo. To
investigate the role of mammalian hippo signaling in vivo we gen-
erated mice that selectively inactivate the hippo serine—threonine
kinase orthologs mst! and mst2 in hepatocytes, using albumin-cre
(10). Combined liver-specific removal of mst! and mst2 (hereafter
referred to as mst1/2 double mutants or mstl/2 mutants) resulted in
progressive hepatomegaly with a 2-fold increase in liver mass rela-
tive to total body mass at 1 month of age and a 3-fold increase by
3 months of age (Fig. 1.A-C, Fig. S1). Similar results were obtained
forsav! conditional mutants (hereafter referred to assav mutants),
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with a modest, but significant 10% increase in liver size by 4 months
of age (Fig. 1C). Deletion of mstI or mst2 alone did not affect liver
size, indicating redundancy for these two closely related kinases in
regulating the proliferation and growth of hepatocytes. The
increased liver mass in mst1/2 double mutants and sav mutants was
associated with an increased proliferation index (Fig. 1 D-F). By 3
months of age the majority of liver hepatocytes in wild-type mice are
not undergoing cell cycling as evidenced by the small numbers of
cells that incorporate BrdU after a 24-h pulse. In contrast, mst1/2
double mutants exhibit marked elevated levels of hepatocyte BrdU
incorporation, indicating the combined activities of mst/ and mst2
repress cell cycle entry of hepatocytes and maintain their quiescence
inthe mature liver. Increased BrdU incorporation was also observed
in Salvador mutant livers, although to a lesser extent (Fig. 1F).
Modest increases in cell death were observed relative to wild type in
both mst1/2 double and sav! mutant hepatocytes (Fig. S2). These
findings suggest that enhanced hepatocyte proliferation drives
excessive growth upon reduction of Hippo signaling in the
mammalian liver.

Reduced Phosphorylation of lats1/2 and yap in mst1/2 Double Mutant
Hepatocytes. The Hippo signaling pathway as defined in Drosophila
and in mammalian tissue culture is a kinase cascade with mst1/2
functioning to phosphorylate lats1/2, which in turn phosphorylates

yap, resulting in its cytoplasmic retention by 14-3-3 proteins (3, 4).
To determine whether the Hippo kinase cascase operates in vivo in
mammalian hepatocytes, we examined the phosphorylation status
of lats1/2 and yap in mstl/2 and savl double mutants (Fig. 2).
Western analysis demonstrates significant reduction of mstl and
mst2 protein levels in mstl/2 double mutants and of savl in sav/
mutants, indicating efficient deletion of floxed alleles in hepatocytes
using albumin-cre. Relative to wild type, yap and lats1/2 phosphor-
ylation is significantly reduced inmst1/2 double mutants whereas the
levels of unphosphorylated yap and lats2 are relatively unaffected.
In contrast, levels of phospho-yap or phospho-lats1/2 are not
affected in sav/ mutants, suggesting either that sav is not required
in hepatocytes for mst1/2 kinase activity or that additional relevant
substrates are affected by sav! deletion. Alternatively, mst1/2 kinase
activity may depend on sav1 in a context-dependent manner and is
not required at the time points analyzed. Nevertheless, reduced
phosphorylation of yap and lats1/2 in mstl/2 double mutants is
consistent with an in vivo requirement for mst1/2 kinase activity in
activation of the Hippo signaling pathway in hepatocytes.

Hippo Signaling Is a Potent Tumor Suppressor in the Mammalian
Liver. To determine whether Hippo signaling functions as a tumor
suppressor pathway in the mammalian liver, we examined sav/ and
mst1/2 double conditional mutant mice for signs of liver tumori-
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Fig. 1.

Age (months)

Mst1 and mst2 are required to restrict liver growth and to maintain hepatocyte quiescence. In contrast to wild type (A), albumin-cre;mst1/2 double

mutants (B) have significantly enlarged livers at 2 months of age. (C) A plot of liver/body as a function of age shows increased liver size of mst1/2 mutants at
1 month. Continued growth is evident at 2 and 3 months of age. Modest increases in albumin-cre;sav1 mutant liver sizes are seen at 2 and 4 months of age. Few
wild-type hepatocytes incorporate BrdU at 2 months of age (D), although albumin-cre;mst1/2 mutants show abundant BrdU incorporation (E). (F) Quantification
of BrdU labeling. Albumin-cre;mst1/2 double mutants and albumin-cre;sav1 mutants exhibit 12-fold and 5-fold increases in BrdU incorporation respectively.
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Fig. 2. Western analysis of albumin-cre;sav1 and albumin-cre;mst1/2 double
mutant tissues. Cells enriched for hepatocytes show loss of sav1 protein in
albumin-cre;savl mutants and reduced amounts of mst1 and mst2 proteins
in albumin-cre;mst1/2 mutants. Each lane represents proteins extracted from
independent mutant livers. Phosphorylation of Yap and Lats is reduced in
albumin-cre;mst1/2 double mutant hepatocytes but not in albumin-cre;sav1
mutant cells. Histone H3 (H3) was used as a loading control.
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genesis. At 13-14 months of age all albumin-cre;savl floxed mice
(n = 7) examined had developed large liver tumors (Fig. 3B) with
histological characteristics of both hepatocellular carcinoma and
cholangiocarcinoma (Fig. 3 D and E). No control mice of similar age
had liver tumors (n = 8). The tumors formed at multiple foci,
indicating that multiple independent initiating events had likely
occurred in Salvador mutant mice. We also observed tumors in sav/
mice with independent cre drivers, including MMTV-cre (11) (n = 4)
and caggs-creER(T2) (12) (n = 5). Both MMTV-cre and caggs-creER
(T2) are reported to have widespread constitutive activity, including
low levels in the liver. Like the albumin-cre;savl floxed mice, all
animals examined had liver tumors by 14 months of age, indicating
that the tumor phenotype is highly penetrant and independent of
genetic background. We did not observe tumors in other tissues of
either MMTV-cre or caggs-creER(T2);sav] mutant mice, suggesting
adegree of specificity for savl tumor suppressive activity. In the case
of mst1/2 double mutants (n = 3), livers were highly enlarged and
had multiple focal tumors visible on gross examination at 5-6
months of age (Fig. 3C). Histological examination revealed a dis-
organized parenchyma with the majority of the liver exhibiting a
dysplastic partially transformed phenotype. The histopathology of
tumor nodules was consistent with a diagnosis of hepatocellular
carcinoma (Fig. 3F). To determine the age of onset of liver tumors in
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mist] /2 double mutants, we killed animals at earlier time points. At 1
and 2 months of age no tumors were observed (n = 9). By 3 months
of age one or two small tumors (<5 mm) could be detected in two of
three mice examined. By 4 months of age all mice (» = 5) had one or
more tumors. Hence, the majority of mst1/2 mutants are likely to
develop liver tumors by 4 months of age. Taken together, our results
demonstrate a potent tumor suppressor role for Hippo signaling in
the mammalian liver.

Transcriptional Profiling of sav? and mst1/2 Mutant Tissues Reveals
Common Hippo Pathway Targets. To gain insight into transcrip-
tional regulation by Hippo signaling in the mammalian liver we
performed microarray analysis of tissues from savl and mst1/2
mutants, including both normal and tumor tissues. Comparison of
the expression profiles of 18 savi, 7 mst1/2 mutant, and 8 matched
wild-type controls revealed 2,899 features that displayed a sig-
nificant difference between wild-type and mutant samples (Fig.
S3A). To validate and extend the microarray data set, we deter-
mined the relative transcript levels for six genes that were pre-
viously shown to be up-regulated by liver-specific overexpression
of a constitutively active mutant yap protein (13) by quantitative
RT-PCR. All transcripts were up-regulated in mutant versus wild-
type tissues (Fig. 44). For example, osteopontin was up-regulated
9-fold in savl mutant tissue relative to wild type and >400-fold in
tumor tissue. In mst//2 mutants we found a 77-fold increase in
osteopontin transcripts in mutant tissue at 2 months of age and a
275-fold increase by 5 months of age. Similar observations were
found for glypican-3 (gpc3), sox4, connective tissue growth factor
(ctgf), birc5 (survivin), and cyclin DI (ccndl). Additionally, quan-
tative RT-PCR analysis confirms reduction of sav1, mst1, and mst2
transcripts (Fig. 44) in hepatocytes isolated from mutant hep-
atocytes. Hence, the transcriptional profile of both savi and mst1/2
double mutants is consistent with activation of targets of the
downstream transcriptional activator yap.

Transcripts Affected by Reduced Hippo Signaling in Hepatocytes Are
Involved in Cell Movement and Immune Response. Gene set enrich-
ment analysis of differentially regulated transcripts in either sav or
mist] /2 mutant tissues revealed an unexpected overrepresentation of
genes involved in cell movement and immune response (Fig. 4B).
This finding is consistent with either an inflammatory response or an
oval cell response, both of which occur following liver injury in sit-
uations where hepatocyte proliferation is attenuated (14-16). To
explore this possibility further at the transcriptional level, we
determined the relative expression of interleukin-6 (IL-6) and tumor
necrosis factor alpha (TNF-o, Fig. 44), both of which have been
implicated in oval and inflammatory responses in the liver (17-20).
For both IL-6 and TNF-a we observe modest, but significant

Fig. 3. Hepatoma formation in Hippo pathway mutants.
Wild-type livers display a normal appearance, devoid of
tumor foci (A). In contrast, conditional deletion of sav? in
hepatocytes results in large, multifocal tumors (B). Likewise,
albumin-cre;mst1/2 mutant livers are significantly enlarged
relative to wild type and display multiple focal tumor nodules
(C). Histological examination (D and E) reveals both well and
poorly differentiated hepatocellular carcinoma (D and F) and
cholangiocarcinoma (E).
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Fig. 4. Transcriptional analysis of savl and mst1/2 mutant liver tissue. (A)
Quantitative RT-PCR analysis of gpc3, osteopontin, ctgf, sox4, survivin, cyclin
D1, IL-6, and TNF-a validates and extends the microarray data indicating
differential expression of these transcripts. Reduction of savi, mst1, and
mst2 transcript levels is readily apparent in hepatocyte-enriched cell frac-
tions from albumin-cre;savl and albumin-cre;mst1/2 mutants. (B) Gene set
enrichment analysis reveals overrepresentation of transcripts involved in
immune response in Hippo pathway mutant tissues.

increases in transcript level consistent with a generalized inflam-
matory and/or oval cell response (Fig. 3B).

Hippo Signaling Is Required to Repress Adult Liver Stem Cell
Activation. To determine whether an inflammatory and/or oval
cell response occurs upon reduction of Hippo signaling in the
mammalian liver we initially compared the histological appear-
ance of livers from wild-type mice with that of livers from mice
that contained a combined mstI and mst2 deletion (Fig. 5). At
1 month after birth, the normal liver is composed of regularly
spaced hepatocytes that line the liver sinusoids. In contrast, mst1/2
double mutants have an irregular arrangement of hepatocytes that
obscures the normal radiating pattern of liver sinusoids (Fig. 5 A-
D). A second prominent feature of mst1/2 double mutant tissues is
the presence of hepatocytes that exhibit a clear cell phenotype
(Fig. 5B). Abundant hepatocytes with clear cytoplasm might sug-
gest altered glycogen and/or lipid metabolism. However, Oil red O
staining revealed no difference between wild-type and mstl/2
double mutant livers, indicating that accumulation of long chain
fatty acids is unlikely to account for the abnormal appearance of
mst1/2 mutant hepatocytes. Periodic acid Schiff staining was sim-
ilar between wild-type and mutant mice, suggesting that glycogen
metabolism is not severely altered in mst1/2 mutant hepatocytes. A
third feature of mst1/2 double mutants is the presence of large
numbers of small periductal cells that are visible at 2 months of age
(Fig. 5B). These cells appear to be highly invasive and by 2 months

1440 | www.pnas.org/cgi/doi/10.1073/pnas.0911427107

Fig. 5. Histology and oval cell response in albumin-cre;mst1/2 double
mutants are consistent with chronic liver injury. The normal liver (A) is com-
posed of regularly spaced plates of hepatocytes surrounding the portal vein. In
contrast, albuin-cre;mst1/2 mutants display a disorganized arrangements of
hepatocytes, many of which have an abnormal clear cytoplasm with H&E stain.
Many small periductal cells are visible that are not present in wild-type liver
sections. Overall hepatocyte disorganization and infiltrating periductal cells
are prominently visualized with cell membrane p-catenin staining of wild type
(C) versus mutant (D). The A6 antibody, a marker for oval and ductal cells,
stains only ductal cells in wild-type (E) tissues, but stains both ductal cells and
periductal cells in albumin-cre;mst1/2 double mutants (F).

have infiltrated extensively into the liver parenchyma and by 3
months surround the hepatic plates (Fig. 5D). Taken together,
these histological findings are consistent with chronic liver dam-
age. However, we did not detect elevated serum levels of alanine
aminotransferase (ALT) and aspartate aminotransferase (AST) at
2 months of age in mst1/2 double mutants, indicating that although
there are histological features indicative of liver damage, overall
liver function is not significantly affected at this stage.

The histological appearance of small proliferating periductal cells
is consistent with several possibilities: an inflammatory response, a
fibrotic response, an oval cell response, or a combination of these
responses. Trichrome and alpha-smooth muscle actin immunos-
taining were negative in this cell population, indicating that the
infiltrating periductal cells are not mounting a fibrotic response at 1—
3 months of age. F4/80 antibody staining was moderately elevated in
mutant tissues, suggesting that macrophage accumulation may
contribute to periductal infiltration (Fig. S4). In contrast, abundant
and intense staining was obtained for antigens that are expressed in
oval cells (Fig. 5 E and F and Fig. S5). Oval cells are not normally
present in healthy liver, but are induced in response to injury when
hepatocyte proliferation is blocked (15, 16). They are facultative
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stem cells that can contribute to both the hepatocyte and biliary
lineages. At present no single antibody can unambiguously define
murine oval cells, likely due to their heterogeneity. However, most
murine oval cells are positive for ductal markers such as M1C1-1C3
and many stain with the OC2-1D11 and A6 antibodies (21, 22).
Using this panel of antibodies, we consistently observe intense
staining of periductal cells in mst1/2 mutant livers, indicating that
mstl/2 signaling is required to repress oval cell induction and pro-
liferation. Similar findings were found for A6 staining of savl2
mutant tissue (Fig. S5). Hence, we conclude that Hippo signaling
represses oval cell activation in the murine liver.

Regulation of Liver Growth and Tumor Suppressor Activity of the
Mammalian Hippo Signaling Pathway. Deletion of the core Hippo
signaling components savl and combined deletion of mst! and
mst2 result in enhanced liver size and in hepatocellular carci-
noma. Hence our results demonstrate a previously undescribed
essential requirement for Hippo signaling in maintaining hep-
atocytes in a quiescent state, in modulating liver size, and in
suppressing tumor formation. Additionally, we provide evidence
that Hippo signaling is required to repress facultative stem cell
activation in the mature liver. These results are significant
because although previous studies have indicated that over-
expression of an activated form of yap is sufficient to induce liver
growth and tumor formation (13, 23), whether hippo signaling is
normally required to repress liver growth and tumor formation
has not been previously addressed.

In principle, Hippo signaling might modulate liver size by acting
to repress growth when the organ achieves a mature size. Alter-
natively, Hippo signaling may act constitutively to repress hep-
atocyte proliferation. In the mouse, the liver grows significantly
during the postnatal period along with the growth of the animal
(24) although the liver/body weight ratio remains relatively con-
stant (Fig. 1C). Our results indicate that Hippo signaling is
required both to restrict liver growth during the proliferative
postnatal phase and to maintain hepatocyte quiescence in the
adult. Hence, Hippo signaling is likely active at all stages and is
required to repress liver growth not only when the mature liver size
is achieved, but also during growth in the perinatal period.

Whereas Hippo signaling is clearly a critical regulator of liver
size, the detailed molecular mechanism of how Hippo signaling
regulates this process is not clear, nor is it known how attenu-
ation of Hippo signaling leads to tumor formation. Enhanced
hepatocyte proliferation is likely central to increased liver size in
both mst1/2 and savl liver conditional mutant mice. Most likely
this effect is mediated by a decreased phosphorylation and
enhanced nuclear localization of yap as overexpression of a
constitutive form of YAP that cannot be phosphorylated by lats
kinases results in reversible hepatomegaly (13, 23). Several genes
that promote proliferation are up-regulated in savi and mstl/2
mutants as well as in yap-overexpressing livers, consistent with
the proposal that both savi and mst1/2 act through phosphor-
ylation of yap. Whether savl and/or mstl/2 have effects inde-
pendent of YAP phosphorylation is not known at this time and
will require further experimentation. Inhibition of apoptosis is
unlikely to contribute significantly to enhanced liver size in hippo
pathway mutants as levels of apoptosis in wild-type and Hippo
pathway mutant liver tissues are generally very low. Our tran-
scriptional profiling studies and those of Dong et al. (13) reveal
several shared transcripts that are overexpressed when Hippo
signaling is reduced that may be relevant to liver disease pro-
gression in Hippo pathway mutants. Glypican-3, osteopontin, and
sox4 are abundantly expressed in savl and mstl/2 mutant livers as
well as following overexpression of yap. As glypican-3, osteo-
pontin, and sox4 expression is commonly elevated in human
cancers (25-27), including hepatocellular carcinoma, their up-
regulation may contribute significantly to tumor formation and/
or progression in both savl and mstI1/2 mouse mutants.

Lu et al.

The histological appearance and presence of an abundant oval
cell response in mst1/2 double mutant liver tissue are suggestive of
a response to chronic liver damage (16). This observation is of
particular interest for several reasons. First, an abundant oval cell
response is likely to contribute to enhanced liver tumor formation
in mice with attenuated hippo signaling activity. Oval cells are
bipotental hepatic progenitor cells that are induced following
carcinogen exposure in experimental models of hepatocellular
carcinoma and are thought to function as cancer stem cells in these
models (28, 29). That we observe tumors of both biliary and hep-
atocyte lineages in savl mutant mice is consistent with an impor-
tant contribution of oval cell activation in tumor formation.
Second, an oval cell response is typically initiated only when
hepatocytes are unable to respond to injury through compensatory
proliferation, suggesting that proliferating hepatocytes actively
repress oval cell activation (15). The signal or signals that mediate
this inhibition are not known. In the case of mst1/2 double mutants,
an abundant oval cell response is apparent despite elevated hep-
atocyte proliferation, suggesting that Hippo signaling directly or
indirectly suppresses a hepatocyte-derived signal that functions to
repress oval cell activation. Alternatively or additionally, Hippo
signaling might be required in oval cells to repress their pro-
liferation and expansion. At present we cannot unambiguously
distinguish between these possibilities as albumin-cre marks both
oval cell and hepatocyte lineages (30, 31).

Taken together, our results define a critical role for Hippo sig-
naling in modulating liver size and in suppressing tumor formation
in mice. In addition, we provide evidence that Hippo signaling
regulates progenitor cell expansion in the liver by repressing oval
cell activation. The combined effects of Hippo signaling on
repressing hepatocyte and oval cell proliferation likely contribute
significantly to liver tumor formation in mice that have attenuated
Hippo signaling activity and may help explain our observations that
savl mutant mice selectively develop liver tumors with several
independent and widely expressed cre drivers. Our findings are also
relevant to human liver cancer in that a majority of human hep-
atocellular carcinomas have elevated levels of nuclear YAP local-
ization (32), indicative of attenuated Hippo signaling in these
tumors. It is likely that abnormal YAP localization in these tumors
reflects attenuation of the activities of key core components of hippo
signaling. The definition of Hippo signaling as a potent suppressor
of liver growth and tumorigenesis will allow further definition of
pathways that operate together with Hippo signaling to drive tissue
growth during development and regeneration as well as to discover
collaborating pathways that lead to tumor formation.

Methods

Generation and Breeding of sav1™, mst1™f, and mst2" Mice. Targeting
constructs were prepared by subcloning of PCR-amplified DNA from BAC
clones (Children’s Hospital Oakland Research Institute, BacPac Resources)
containing sav1, mst1, and mst2. The strategy for construction of the tar-
geting vectors is detailed in Fig. S1. Vectors were electroporated into C57BL/
6;129SvEvTac hybrid RJ2.2 cells (available on request) and targeted clones
were identified by Southern hybridization with external probes. Chimeras
were generated by aggregation with CD1 morulae as described (33).
Germline transmission was achieved by mating high percentage chimeric
males to CD1 females and assaying pups for coat color and presence of the
targeted allele. FRT-flanked neo cassettes were removed in vivo by crossing
to Flpe deleter mice (34). Mice were subsequently bred to albumin-cre (10),
MMTV-cre (11), and Caggs-creER(T2) (12) mice followed by backcrossing to
homozygous floxed animals. All mice were housed in a conventional facility
with a 12-h light/dark schedule and access to food and water ad libidum. All
procedures were approved by the University of Texas, M. D. Anderson
Cancer Center Animal Care and Use Committee.

Histology, BrdU labeling, and Immunostaining. Liver tissues were fixed in 4%
paraformaldehyde overnight at 4°C and processed for paraffin embedding.
Paraffin sections from each sample were cut at 5 pm and stained with H&E. For
labeling of cells undergoing DNA synthesis in vivo, 0.01 mL/g body weight of a 3
mg/mL solution of BrdU (Sigma, B9285) in PBS was injected i.p. 24 h before
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euthanizing the mice. BrdU staining was carried out using the BrdU In Situ
Detection Kit (BD Pharmingen, 550803). For quantification of BrdU-positive
hepatocytes, five different areas in each sample were photographed and coun-
ted. The result was statistically analyzed by Student’s t test. Immunofluorescent
staining was performed as previously described (21). Briefly, freshly isolated liver
tissues were embedded in optimal cutting temperature (OCT) embedding
medium without fixation and samples were frozen in an isopentane/liquid
nitrogen slurry. Sections were cut at 6 pm and fixed in cold acetone (-20°C) for 10
min before applying the primary antibodies. The A6 antibody was obtained from
Valentina Factor (National Institutes of Health) and the OC2-1D11 and MIC1-1¢c3
antibodies were provided by Craig Dorrell (Oregon Health Sciences Center). Vis-
ualization of primary antibody staining was achieved with Cy3-conjugated goat
anti-rat (Jackson Immunoresearch, 112-165-167) and imaged with confocal
microscopy. F4-80 (BD Biosciences) was used for macrophage stainings. -Catenin
(Santa Cruz Biotechnology, sc-7199) staining was performed on paraffin sections
using peroxidase-conjugated anti-rabbit secondary antibodies (ImmPRESS Anti-
Rabbit Ig Kit; Vector Laboratories, MP-7401), followed by 3,3’-diaminobenzidine
(DAB) (Vector Laboratories, SK-4105) to visualize the peroxidase activity. Sections
were then counterstained and Permount sealed for photography.

Hepatocyte Isolation and Western Analysis. A parenchymal cell fraction
enriched in hepatocytes was prepared using a standard two-step perfusion
method (35). These cells were lysed and extacts prepared and processed
according to published procedures (36). Briefly, Western blots were run on a
10% acrylamide gel. The Western blots were blocked in 5% milk in TBST
and antibodies were incubated in 5% BSA in tris-buffered saline with
tween-20 (TBST). Antibodies used were Sav1 (1:500, Cell Signaling), Mst1
(1:500, Cell Signaling), Mst2 (1:500, Cell Signaling), Phospho-YAP (Ser127)
(1:500, Cell Signaling), YAP (1:500, Cell Signaling), Phospho-LATS1 (Ser909)
(1:500, Cell Signaling), LATS1 (C66B5) (1:500, Cell Signaling), and Histone H3
(1:1000, Cell Signaling).
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Microarray and Quantitative RT-PCR Analysis. Liver samples were dissected
into ~30-mg cubes and stored in RNAlater stabilization reagent (Qiagen)
until further processing. Total RNA was isolated from mouse tissues by using
an RNeasy total RNA isolation Kit (Qiagen) according to manufacturer’s
protocol. Biotin-labeled cRNA samples for hybridization were prepared by
using an lllumina Total Prep RNA Amplification Kit (Ambion). Five hundred
nanograms of total RNA was used for the synthesis of cDNA, followed by
amplification and biotin labeling. A total of 1.5 pg of biotinylated cRNAs was
hybridized to the Illumina mouse-6 BeadChip v.2 microarray. Signals were
developed by Amersham fluorolink streptavidin-Cy3 (GE Healthcare Bio-
Sciences). Gene expression data were collected by using an lllumina bead
Array Reader confocal scanner (BeadStation 500GXDW). All statistical anal-
ysis was performed using BRB Arraytools Version 3.6 (37) and under the R
language environment. The microarray data were normalized using the
quantile normalization method in the Linear Models for Microarray Data
package (38). The random variance t test was applied to identify the genes
significantly different between two groups compared. In the analysis to
identify enriched gene sets, Fisher’s exact test was applied to genes whose
expression was significantly altered (P < 0.001) by using gene sets defined in
the Ingenuity Pathway Analysis database. A heat map of expression was
generated by Treeview (39). Complete datasets containing features differ-
entially expressed in wild-type versus Hippo pathway mutant tissues are
contained in Tables S1-S3. Quantitative RT-PCR analysis was carried out
using TagMan gene expression assays (Applied Biosystems) according to the
manufacturer’s instructions.
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