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Abstract

Polyploidy can lead to aneuploidy and tumorigenesis. Here, we report that the Hippo pathway
effector Yap promotes the diploid-polyploid conversion and polyploid cell growth through the
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Akt-Skp2 axis. Yap strongly induces the acetyltransferase p300-mediated acetylation of the E3
ligase Skp2 via Akt signaling. Acetylated Skp2 is exclusively localized to the cytosol, which
causes hyper-accumulation of the cyclin-dependent kinase inhibitor p27, leading to mitotic arrest
and subsequently cell polyploidy. Additionally, the pro-apoptotic factors FoxO1/3 are overly
degraded by acetylated Skp2, resulting in polyploid cell division, genomic instability and
oncogenesis. Importantly, the depletion or inactivation of Akt or Skp2 abrogated Hippo signal
deficiency-induced liver tumorigenesis, indicating their epistatic interaction. Thus, we conclude
that Hippo-Yap signaling suppresses cell polyploidy and oncogenesis through Skp2.
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Introduction

Polyploidy is a state in which cells possess more than two sets of homologous
chromosomes. Although it is less frequently found in animals, some tissues, including the
liver, have a high percentage of polyploid cells. Polyploid hepatocytes undergo ploidy
reversal to specifically generate unique hepatocytes with different mixtures of chromosomes
(Duncan, 2013; Gentric and Desdouets, 2014; Pandit et al., 2013). This genetic diversity
may be an adaptive mechanism, serving as a means for the selection of hepatocytes most
resistant to xenobiotic or nutritional injury. Gene redundancy shields polyploids from the
deleterious effects of mutations (Duncan et al., 2009; Duncan et al., 2010). However,
polyploid cells precede aneuploid cells that give rise to increased genomic instability and
tumor progression (Davoli and de Lange, 2011; Ganem and Pellman, 2007; Gordon et al.,
2012). Consistently, two-thirds partial hepatectomy (PH)-induced liver regeneration results
in increased cell polyploidy and causes the normally quiescent polyploid hepatocytes to
undergo cell cycle re-entry and division, accelerating the ability of oncogenes to induce
hepatocellular carcinoma (HCC) (Beer et al., 2004). Polyploid cells are normally arrested in
the G1 phase of the cell cycle, thus preventing genomic instability, aneuploidy, and
tumorigenesis. Thus, it is of particular interest to determine the mechanisms regulating
polyploid formation and polyploid cell division.

Cell polyploidy can result from cell fusion or abnormal cell division, including
endoreduplication, mitotic slippage and cytokinesis failure (Pandit et al., 2013). Cytokinesis
failure and mitotic slippage events have a pivotal role in establishing hepatocyte polyploidy
(Celton-Morizur et al., 2009; Hsu et al., 2016; Pandit et al., 2012). Skp2 is a major
cytokinetic regulator and a F-box protein that targets p27 for ubiquitination and subsequent
degradation to promote cell cycle progression (Carrano et al., 1999; Nakayama et al., 2000;
Nakayama et al., 2004). Skp2-null mice develop a phenotype of polyploidy and centrosome
amplification in the liver (Kossatz et al., 2004; Nakayama et al., 2004; Serres et al., 2012).
Elevated levels of p27 in the S and G2/M phases upon the depletion of Skp2 cause
cytokinesis failure and mitotic slippage events. These phenotypes are completely rescued by
the concomitant deletion of p27 (Nakayama et al., 2004). Recent studies revealed that Skp2
stability, subcellular localization, and activity are regulated by its phosphorylation and
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acetylation (Chan et al., 2012; Gao et al., 2009; Inuzuka et al., 2012; Lin et al., 2009). Skp2
expression is highly upregulated in a variety of human cancers (Calvisi et al., 2009; Lee et
al., 2015; Lin et al., 2010; Wang et al., 2010; Zhao et al., 2013). These results indicate that
certain signaling may be required for the regulation of Skp2 function in controlling cell

polyploidy.

The Hippo signaling pathway is a critical regulator of stem cell self-renewal, tissue
regeneration and organ size (Johnson and Halder, 2014; Pan, 2010; Yu et al., 2015). Central
to this pathway is a kinase cascade formed by mammalian sterile20 kinases Mst1 and Mst2
(Mst1/2), a scaffolding protein Salvador/WW45 (Sav), a NDR family kinases large tumor
suppressor 1 (Lats1) and Lats2, and an adaptor protein Mob1. Mst1/2 phosphorylates and
activates Lats1/2-Mob1, which then phosphorylates the yes-associated protein (Yap) or WW
domain-containing transcription regulator protein 1 (Taz). Phospho-Yap/Taz is either
degraded or sequestered in the cytoplasm by 14-3-3 protein. When the Hippo pathway is
inactivated, Yap/Taz translocates to the nucleus and forms a functional hybrid transcriptional
factor with TEA domain family members (TEADS) to turn on pro-proliferative and pro-
survival genes, enabling cell proliferation. The Hippo pathway also mediates crosstalk with
other signaling pathways including the phosphoinositol-3-kinase (PI3K)-Akt pathway
(Dupont et al., 2011; Heallen et al., 2011; Tumaneng et al., 2012; Yu et al., 2012). Genetic
defects in this pathway in mice lead to tissue overgrowth and cancer development in
multiple organs (Camargo et al., 2007; Dong et al., 2007; Zhou et al., 2009). A recent study
showed that Hippo signaling is highly activated in polyploid cells (Ganem et al., 2014). p53
is noramlly required for the induction of cellular senescence to limit polyploid cell growth
(Davoli et al., 2010; Fujiwara et al., 2005; Kurinna et al., 2013). Lats2 kinase of the Hippo
signaling pathway was reported to stabilize p53 by inhibiting murine double minute 2
(Mdm2) (Aylon et al., 2006; lida et al., 2004), which resulted in tetraploid cell cycle arrest.
Thus, polyploidy status might trigger Lats2 kinase to activate p53 to prevent polyploidy cell
proliferation (Ganem et al., 2014). Interestingly, Yap overexpression dramatically increases
hepatocyte polyploidy, suggesting that Yap is a downstream effector of Lats2 kinase in
ploidy regulation (Ganem et al., 2014). Recent studies have shown that Yap is
phosphorylated by Cyclin-dependent kinase 1 (CDK1) and that this mitotic phosphorylation
of Yap is required for the activation of the spindle checkpoint in immortalized epithelial cells
(YYang et al., 2015; Yang et al., 2013). However, the mechanism by which Yap determines
cell ploidy and chromosomal stability remains unclear. Genetic evidence in animals
supporting the central role of Hippo signaling in polyploidy formation and subsequent
neoplastic transformation is still largely lacking.

Loss of Hippo signaling promotes hepatocyte polyploidy

Hepatocytes are either mononucleated or binucleated, and each nucleus is diploid, tetraploid,
octaploid, or higher, which makes the liver a valuable organ in which to study cell ploidy
regulation. To characterize the function of Hippo signaling on hepatocyte ploidy, we
determined the hepatocyte ploidy and nuclear size in liver tissues isolated from various
mouse strains with a liver-specific mutation for Hippo signaling components. Compared to
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wild-type (WT) mice, hepatocytes in the livers of WW45/fAlb-Cre (WW45 KO),

MstIt MstAT Alb-Cre (Mst1/2 DKO), Lats1t L atsAf Alb-Cre (Lats1/2 DKO) or
doxycycline-inducible active Yap (5127A)transgenic (Yap Tg) mice exhibited markedly
enlarged nuclear size and increased cell polyploidy, whereas Yap/fA/b-Cre (Yap KO)
animals showed smaller nuclear size and reduced cell polyploidy in the liver (Figures 1A,
1B, S1A and S1B). In addition, we found that cells of different genotypes with larger nuclei
have larger cell sizes (Figure 1C). Furthermore, immunofluorescent staining and flow
cytometric analysis clearly showed that Yap transgenic hepatocytes had an increased DNA
content and greater cell size (Figures 1D and 1E). These results demonstrated that Hippo
signaling plays a critical role in ploidy regulation.

We also found that the loss of Mst1/2 or the overexpression of Yap induced supernumerary
centrosomes and abnormal mitotic spindle formation in dividing hepatocytes (Figures S1C
and S1D). In addition, during the regeneration process after PH, more dividing cells at
prophase and metaphase were found in Mst1/2 DKO livers than in WT livers (Figures 1F
and S1E). Furthermore, fewer cells but with a higher incidence of abnormal anaphase were
found in Mst1/2 DKO livers, indicating that cytokinesis failure occurs in Mst1/2 DKO livers
(Figure 1G). These data demonstrated that Hippo signaling is important for ensuring
accurate centrosome duplication and chromosome segregation to maintain genome stability.

p53 is normally required to induce G1 arrest and cellular senescence in response to
tetraploidy or missegregated chromosomes. Lats2 kinase of Hippo signaling pathway was
previously reported to activate and stabilize p53 (Aylon et al., 2006). Surprisingly, we found
that the p53 protein levels were dramatically increased in the livers of WW45KO, Mst1/2
DKO, Lats1/2 DKO and Yap Tg mice compared with those in WT livers (Figures 1H, 1I,
S1F and S1G). We speculated that the highly increased p53 protein levels might be the result
of a potent negative feedback loop in response to increased cell polyploidy upon the
disruption of Hippo signals. Indeed, the loss of p53 in Mst1/2 DKO (Mst1/2 p53 TKO) mice
led to a larger nuclei size and higher polyploidy numbers than those in their Mst1/2 DKO
littermates (Figures 1J, S1H and S1I). Mst1/2 p53 TKO mice also exhibited increased ratios
of liver/body weight and accelerated liver tumor formation compared with WT, p53 KO or
Mst1/2 DKO mice (Figures 1K 1L and S1J). Taken together, these results indicated that Yap
activation increases hepatocyte polyploidy and synergizes with p53 inactivation to enhance
liver tumorigenesis (Figure 1M).

Hippo signal deficiency induces polyploidy via p27

Polyploidy may occur due to cell fusion or abnormal cell division. To identify the potential
cell cycle regulators that induce hepatocyte polyploidy from various mouse strains with
liver-specific mutations of the Hippo signaling pathway, we analyzed the protein expression
profile of cell cycle related proteins, i.e. CKls (p27 and p21), CDKs (CDK2, CDK4 and
CDKG®) and cyclins (CyclinAl, CyclinD1 and CyclinE1). We found that only the expression
level of p27 was consistently increased in primary hepatocytes from WW45 KO, Mst1/2
DKO, Lats1/2 DKO and Yap(S127A) Tg mice, but it was decreased in hepatocytes from Yap
KO animals (Figures 2A, S2A and S2B), indicating that p27 might be a direct target
downstream of the Hippo signaling pathway. Interestingly, unlike its protein levels, the p27
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MRNA level was reduced in Hippo signaling deficient livers suggesting that the Hippo
signaling might regulate the protein stability of p27 (Figure 2B). The positive correlation of
p27 levels with Yap activity was further confirmed in primary mouse embryonic fibroblasts
(MEFs) isolated from WT, Lats1/2 DKO, Yap(S127A) Tg or Yap KO mice (Figures 2C-2E),
and one Yapallele deletion in Mst1/2 DKO liver (Mst1/2 DKO Yap*/-) was sufficient to
reduce the level of the p27 protein to the level in normal WT hepatocytes (Figures 2E and
S2C). These data indicated that Hippo signaling controls the protein level of p27.

Previous studies showed that elevated p27 could cause a failure to enter mitosis and thereby
induce polyploidy (Kossatz et al., 2004; Nakayama et al., 2004). We next sought to
determine whether the p27 hyper-accumulation is responsible for increased polyploidy in
hepatocytes with a Hippo signaling deficiency. Indeed, the ablation of p27 using adenoviral
shRNA (Ad-Shp27) (Figures S2D and S2E) in Hippo signaling deficient livers or MEF cells
resulted in decreased hepatocyte polyploidy and smaller nuclear size (Figures 2F-2H and
S2F-S2G). To determine whether the hyper-accumulation of p27 results in a failure to enter
mitosis, we assessed the DNA synthesis rate and mitosis events in Mst1/2 deficient
hepatocytes after a partial hepatectomy. Compared to the WT liver, the Mst1/2 DKO liver
had a dramatically higher number (approximately 4-fold) of BrdU-positive (DNA synthesis
phase) hepatocytes but a moderately higher level (approximately 2-fold) of pHH3-positive
(mitosis phase) hepatocytes, indicating that a high fraction of polyploid cells in Mst1/2 DKO
liver were arrested in mitosis, whereas the knockdown of p27 in Mst1/2 DKO livers slightly
increased the number of BrdU-positive hepatocytes but dramatically increased pHH3-
positive hepatocytes. This finding indicated that more cells entered mitosis for proliferation
and division (Figures 21 and 2J). Furthermore, we knocked down p27 expression in WT and
Mst1/2 DKO livers using adeno-associated virus (AAV), which can have a long-term effect
of up to 6 months. We found that knocking down p27 in Hippo-deficient livers resulted in
decreased cell polyploidy and significantly reduced the number and volume of tumor size at
5 weeks post-infection with AAC p27 shRNA (Figures 2K-2M and S2H). We found similar
results in Mst1"f MstX!T Alb-Cre mice with one p27allele deletion (Mst1/2 DKO p27+-)
(Figures S2I1-S2N). We further observed much lower incidences of abnormal anaphase cells
in the livers of Mst1/2 DKO p27*/~ mice than in Mst1/2 DKO livers, indicating that p27
downregulation restored cellular cytokinesis to normal levels in Mst1/2 DKO livers (Figures
S2K-S2L). As the mitosis of polyploid cells leads to genomic instability and a higher
incidence of cancer formation, it is not surprising that we observed that the loss of p27
resulted in a lower incidence and delayed tumor formation in Hippo signal-deficient livers
by reducing cell polyploidy in the context of a much higher fraction of polyploid cells in
Mst1/2 DKO liver tissues, although p27 downregulation increased the cell mitosis and
proliferation of diploid cells (Figures 2L.-2M and S2M-S2N). These results indicated that
the Hippo signaling pathway limits polyploidy formation and prevents tumor formation, at
least in part, through the downregulation of p27 (Figure 2N).

Hippo signaling deficiency enhances the cytoplasmic retention of Skp2

Previous studies showed that S-phase kinase-associated protein 2 (Skp2) in the nuclear
compartment is required for ubiquitin-mediated p27 degradation. We measured the levels of
Skp2 and p27 in whole cell lysates and the cytoplasmic and nuclear fractions from WT,
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Mst1/2 DKO or Yap Tg hepatocytes and found that the protein levels of Skp2 and p27 were
increased in whole-cell lysates of Mst1/2 DKO or Yap Tg hepatocytes compared with those
in WT cells (Figures S3A and S3B). However, these proteins were present in distinct
subcellular locations (Figures 3A and 3B). The cytoplasmic retention of Skp2 in Mst1/2
DKO or Yap Tg livers was further confirmed by IHC staining (Figures 3C and 3D) and was
observed in primary MEFs isolated from Lats1/2 DKO or Yap Tg mice (Figure 3E) and a
HepG2 cell line overexpressing Yap (Figure S3C). Furthermore, the loss of one allele of Yap
in Mst1/2 DKO hepatocytes restored the nuclear localization of Skp2 and thereby reducing
the p27 levels (Figures 3C and 3D). These data suggested that loss of Hippo signaling
resulted in the cytoplasmic retention of Skp2, leading to the nuclear accumulation of p27.
Previous studies showed that the acetylation of Skp2 promotes its translocation from the
nuclei to the cytosol (Inuzuka et al., 2012). In line with its sub-cellular localization, Skp2
acetylation levels were greatly increased in Mst1/2 DKO and Yap Tg hepatocytes, and
attenuated in Yap KO hepatocytes (Figures 3F-3H). In addition, p27 ubiquitination was
remarkably attenuated in cells overexpressing Yap or an acetylation-mimetic mutant Skp2
(KLKL) which was mainly located in the cytosol (Figures 31 and 3J). Consistently, the p27
levels were greatly reduced in Skp2 KO livers infected with adenoviruses expressing wild-
type Skp2 (WT), but only slightly reduced in Skp2 KO liver infected with acetylation-
mimetic mutant Skp2 (Ad-Skp2 (KLKL)) (Figure 3K). These results indicated that Hippo
signaling regulates p27 stability through modulating Skp2 acetylation and sub-cellular
localization (Figure 3L).

Yap promotes Skp2 cytoplasmic retention and hepatocyte polyploidy via the Akt-p300 axis

It has been reported that Yap activates the PI3K-Akt pathway (Tumaneng et al., 2012). Akt
can phosphorylate and activate the acetyltransferases p300 to enhance Skp2 acetylation at
both K68 and K71, which promotes Skp2 cytoplasmic translocation and protein stability
(Inuzuka et al., 2012). Indeed, the phosphorylation levels of Akt and p300 were attenuated in
Yap KO cells, but greatly increased in WW45 KO, Mst1/2 DKO, Lats1/2 DKO and Yap Tg
hepatocytes (Figures 4A—4C and S4A-S4B), in which enhanced acetylation and cytoplasmic
retention of Skp2 was found (Figure 3F-3G). A previous study showed that insulin signal
activates the PI3K/Akt pathway to promote the hepatocyte tetraploidization process (Celton-
Morizur et al., 2009). Interestingly, we found that insulin treatment resulted in increased
cytoplasmic Skp2 and nuclear p27 levels in the liver cells, suggesting that insulin-mediated
Akt activation may induce hepatocyte polyploidy by promoting the cytoplasmic retention of
Skp2 (Figures 4D, SAC and S4D). To further validate this speculation, we infected WT mice
with adenovirus expressing a constitutively active myristoylated Aktl (Ad-Myr-Aktl) or a
control Ad-GFP. To avoid fatty liver induced by myr-Akt overexpression (Ono et al., 2003),
the virus was titrated and a moderate titer of the virus was used. Compared with control
animals infected with Ad-GFP, mice infected with Ad-Myr-Aktl exhibited enhanced
acetylation and cytoplasmic retention of Skp2 in hepatocytes and increased hepatocyte
polyploidy and liver mass (Figures 4E—4H and S4E). Furthermore, treatment with the Akt
inhibitor MK2206 or the genetic disruption of Aktl reduced the protein levels of total and
cytoplasmic Skp2 and nuclear p27 in Mst1/2 DKO liver cells (Figures 41-4K and S4F-S4G),
resulting in significantly reduced hepatocyte polyploidy in Mst1/2 DKO mice (Figures 4L—
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40). Taken together, these data indicated that Hippo signaling controls cell polyploidy
through Akt-Skp2 signaling (Figure 4P).

Cytoplasmic Skp2 potentiates polyploidy cell proliferation and division

To further determine whether the cytoplasmic retention of Skp2 is responsible for the high
cell polyploidy profiles in Hippo-deficient livers, we knocked out Skp2 in Mst1/2 or WW45
KO mice. We found that the loss of Skp2 in Mst1/2-DKO or WW45 KO livers resulted in a
slight increase in the p27 protein levels (Figures 5A and S5A) but had no significant effect
on the cell polyploidy profiles (Figures 5B, 5C, S5B and S5C). Interestingly, the loss of
Skp2 in Mst1/2 or WW45 KO mice resulted in a dramatically decreased hepatocyte
proliferation rate, a smaller liver mass, lower liver-to-body weight ratios and fewer liver
tumors (Figures 5F-51 and S5F-S5I1). In contrast, the overexpression of WT Skp2, which is
mainly located in the nucleus, dramatically decreased the level of nuclear p27 and resulted
in significantly lower numbers of polyploid cells in both WT and Skp2 KO livers. However,
the overexpression of activated Skp2 (KLKL), which is mainly located in the cytoplasm,
resulted in only a slightly reduced p27 level (Figure 3K) and thus had no significant effect
on the cell polyploidy profiles (Figures 5D, 5E, S5D and S5E). Based on these observations,
we speculated that cytoplasmic Skp2 in Hippo signal deficient cells might also promote
polyploidy liver cell division in addition to inducing p27-mediated cell polyploidy. Indeed,
Skp2 KO mice infected with Ad-Skp2 (KLKL) exhibited a significantly increased number of
BrdU-positive hepatocytes and pHH3-positive hepatocytes indicating that more cells enter
mitosis for proliferation and division (Figures 5J and 5K). Consistently, Skp2 KO mice
infected with Ad-Skp2 (KLKL) had a larger liver mass and greater liver/body weight ratios
than control mice that received Ad-GFP (Figure 5L). Furthermore, the expression of Ad-
Skp2 (KLKL) in HepG2 cells pretreated with Skp2siRNA (siSkp2) significantly increased
its colony formation rate compared to Ad-GFP infected control cells (Figure 5M). These
results suggested that cytoplasmic Skp2 promotes polyploidy cell proliferation and division
(Figure 5N).

Cytoplasmic Skp2 degrades FoxOs to enhance polyploid cell proliferation and division

The data above suggested that cytoplasmic Skp2 might have other downstream effectors to
regulate cell proliferation and liver size. Previous studies have shown that in contrast to
nuclear Skp2 which targets nuclear p27 as shown above, cytoplasmic Skp2 has a distinct set
of substrates, including forkhead box O (FoxO) transcription factors which are important
pro-apoptotic transcription factors that block cellular proliferation, promote cell death and
drives cells into a quiescent state (Huang et al., 2005). Indeed, we found that, compared to
WT controls, the total protein levels of FoxO1/3 and the mRNA expression levels of the
FoxO1/3 target genes, such as MnSOD, Catslase, G6pase, PEPCK, AngZ2, Fasl, Bnip3,
ceng2and /GFBPI, were dramatically reduced in Mst1/2 DKO and Yap Tg livers, indicating
the attenuated function of FoxO1/3 in Hippo deficient livers (Figures 6A, 6B, S6A and
S6B). Consistently, the genetic disruption of Skp2 increased the protein levels of FoxO1 and
FoxO3a in both WT and Mst1/2 DKO mouse livers (Figure 6C). Previous studies established
the mechanism of FoxO inhibition in which Akt kinases phosphorylate FoxO1 at Thr24,
Ser256, and Ser319 or FoxO3 at Thr32 and Ser253, thereby increasing their association with
14-3-3 proteins (Tran et al., 2003). This, in turn, results in the translocation of FoxO proteins
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from the nucleus to the cytoplasm, leading to their transcriptional inactivation. In fact, we
found that the increased phosphorylation levels of FoxO1(S256, T24) and FoxO3a(T32)
correlated with enhanced Akt activity in Mst1/2 DKO and Yap Tg liver lysates (Figures 6D
and S6C). Sub-cellular fractions immunoblotting or immunohistochemistry staining assays
further confirmed that, compared to WT controls, the FoxO1/3 protein levels were
dramatically reduced in the nuclear fractions of Mst1/2 DKO or Yap Tg liver cells (Figure
6E, F and S6D), and the total protein level and subcelluar distribution of FoxO1/3 were
restored to relatively normal levels in Mst1/2 DKO Yap*/~ liver cells (Figures 6E and 6F).
Consistently, inhibition or genetic disruption of Akt reduced the FoxO1/3 phosphorylation
levels and restored FoxO1/3 protein levels and subcellular distribution in Mst1/2 DKO and
Yap Tg livers (Figures 6D, 6G and S6C). Furthermore, Skp2-mediated FoxO ubiquitination
was remarkably enhanced in cells overexpressing Yap while Akt inhibition attenuated this
effect (Figures 6H and 61). Based on these results, we speculated that cytoplasmic Skp2
mediated-FoxO1/3 degradation might be required for Hippo signal deficient polyploid cell
survival and proliferation. To examine this possibility, we reintroduced the non-degradable
form of FoxO1(S256A) in Mst1/2 DKO or Yap Tg livers using adenoviral vectors (Ad-
FoxO1(S256A)). Importantly, Ad-FoxO1(S256A) greatly blocked cell proliferation,
enhanced cell apoptosis and reduced liver mass compared to those in control mice receiving
Ad-GFP (Figures 6J, 6K and S6E). Notably, Ad-FoxO1(S256A) abrogated the Ad-Skp2
(KLKL)-driven Skp2 deficient liver overgrowth (Figure 6L). These data indicated that the
loss of Hippo signaling promotes polyploid cell division and oncogenesis, at least in part,
through Skp2-mediated FoxO1/3 degradation (Figure 6M).

Yap-Akt-Skp2 signaling is implicated in human HCC development

The data above demonstrated that the loss of Hippo signaling in the liver resulted in the
cytoplasmic retention of both Skp2 and FoxO through the activation of Akt, which promotes
Skp2-mediated FoxO degradation, thereby enhancing p27-induced polyploid cell division,
genomic instability and oncogenesis. Importantly, the inhibition or genetic disruption of Akt
resulted in significantly reduced p27 levels, hepatocyte polyploidy and decreased liver-to-
body weight ratios for Mst1/2 DKO mice (Figures 41-40, 7A and 7B). We observed that the
loss of Aktl in Mst1/2 DKO mice resulted in a significantly lower incidence of HCC in old
age (Figure 7C). Consistently, Mst1/2 DKO mice that have been treated with the Akt
inhibitor MK2206 exhibited a significant decrease in the size and number of tumors, which
correlated with the reduced cytoplasmic Skp2 levels in liver tissues compared with control
animals (Figures 7D-7F, S4E and S4F). We then examined 60 pairs of liver-derived
tumorous (T) and adjacent non-tumorous (N) tissues. Yap activation was associated with
decreased Fox01/3, increased Skp2 acetylation and Akt phosphorylation in tumorous tissues
compared with those in adjacent noncancerous tissues (Figures 8A-8C and S7A). These
results suggested that Yap-Akt-Skp2 signaling is associated with human HCC development.

The examination of the tissue microarray of human liver tumors and adjacent non-tumorous
tissues (n = 94) by IHC staining revealed that the expression levels of Yap and Skp2 were
higher in cancer tissues than in adjacent noncancerous liver tissues (Figure S7B). Nuclear
Yap expression and cytoplasmic Skp2 expression were primarily increased in cancer tissues
compared to those in adjacent noncancerous tissues and associated with advanced tumor
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stages (Table S1; Figures 8D-8G). Furthermore, increased nuclear Yap expression in cancer
tissues was associated with enhanced cytoplasmic Skp2 expression (Figure 8H, R% = 0.3724,
p < 0.0001). Although there were no significant association between Yap or Skp2 expression
and sex or age (Table S1), there was a positive correlation between the nuclear Yap
expression or cytoplasmic Skp2 expression and pathological grade (Table S1). In additions,
the Kaplan-Meier survival analysis revealed that the survival time for patients with high
nuclear Yap expression was obviously shorter than those with low Yap expression (p =
0.0275). Similarly, the cytoplasmic Skp2 expression level had a negative correlation with
survival (p = 0.0185). Thus, we concluded that there is a close connection between these two
proteins in human HCC development and that the inhibition of Akt activity may be a
promising therapeutic strategy to treat HCC resulting from the loss of Hippo signaling.

Discussion

How diploid organisms develop polyploid cells remains largely unknown. Herein, we report
that Hippo signaling maintains liver cell ploidy in a p53-independent manner. We found that
Hippo signal deficiency or Yap activation turn on Akt signaling, thereby activating the
acetyltransferase p300 to promote Skp2 acetylation, stabilization and cytoplasmic retention,
which results in p27 hyper-accumulation and induces cell polyploidy. As a result of Skp2
cytoplasmic retention, the pro-apoptotic factors FoxO1/3 are overly degraded and thereby
promote polyploid cell division, genomic instability and oncogenesis. Moreover, the
inhibition or genetic disruption of Akt or p27 reduces cell polyploidy and oncogenesis,
whereas the depletion of Skp2 has no significant effect on Mst1/2-null cell polyploidy but
does prevent polyploid cell division and abrogates liver overgrowth and tumorigenesis.
These data indicate that Hippo-Skp2 signaling prevents genomic instability through two
possible mechanisms: maintaining Skp2-mediated p27 degradation in the nuclei to limit
polyploidy formation or preventing Skp2-mediated FoxO1/3 degradation in the cytosol to
block polyploidy cell division, thereby limiting the risk of genomic instability, aneuploidy
and tumorigenesis.

Our current study demonstrates that the sustained activation of Yap overrides the p27-
mediated checkpoint, at least in part, through the degradation of FoxO family proteins,
allowing polyploid cells to proliferate inappropriately with mitotic defects and resulting in
centrosome amplification, genomic instability and cell oncogenesis. In fact, p27 plays a dual
role in the regulation of the cell cycle and genomic stability in the mouse liver (Carrano et
al., 1999; Kossatz et al., 2004; Nakayama et al., 2004; Serres et al., 2012). For cell cycle
control, elevated p27 arrests the cell cycle via the inhibition of CDKs to prevent cell
division. In contrast, increased p27 results in mitotic defects and promotes endoreduplication
cycles to induce cell polyploidy and genomic instability in mouse livers, while a loss of p27
reduces cell polyploidy, thereby maintaining genomic stability. In addition, p27 has long
been known to be an assembly factor for cyclin D/Cdk4 complexes (LaBaer et al., 1997).
Thus, elevated p27 in polyploid cells might increase Cdk4 activity and promote cell divison,
aneuploidy and genomic instability, thus contributing to the development of cancer. In the
context of the much higher fraction of polyploid cells in Mst1/2 DKO liver tissues, it is not
surprising to observe that the loss of p27 in Hippo-deficient livers resulted in decreased cell
polyploidy and a significantly reduced number and volume of tumor size. Thus, these data
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support a key role of p27 expression in the tumorigenesis of polyploid organs, such as livers
with deregulated Hippo signaling.

Previous studies have shown that tetraploid cells arrest their cell cycle in a p53-dependent
manner. Hippo tumor suppressor pathway Lats1/2 kinases were shown to induce tetraploid
cell cycle arrest by preventing Mdm2-mediated p53 degradation (Aylon et al., 2006; lida et
al., 2004; McPherson et al., 2004). However, we found that Yap overexpression or the
deletion of Yap inhibitory components such as WW45, Mst1/2 and Lats1/2 in mouse livers
results in highly increased p53 expression and activity. Moreover, the combined losses of
Hippo signaling and p53 lead to greatly increased polyploidy with multiple nuclei and
results in a higher incidence and earlier onset of liver tumors. Thus, the increased p53-
mediated response might be a potent negative feedback loop in response to increased cell
polyploidy upon the disruption of Hippo signals. Alternatively, other effectors downstream
of Yap that positively augment the p53 response possibly exist. These results suggested that
Hippo signaling might play a dual role in p53 regulation, positively as a blockage of Mdm2-
mediated p53 degradation by Lats1/2 but negatively as an inhibitor of the Yap-induced p53
response. It will be of particular interest to determine how Yap regulates p53 activity in
future studies.

In addition, a previous study showed that tetraploid cells have lower Rho activity, which is
mainly due to increased Rac activation in the presence of excess microtubules nucleated by
extra centrosomes (Ganem et al., 2014). Restoring Rho activity enables the cell to bypass G1
arrest. Consistently, enhanced cell-matrix adhesion, which activates Rho, is reported to
reduce the G1 arrest of tetraploid cells. Interestingly, our previous work demonstrated that
the Hippo kinases Mst1 and Mst2 are required for Rac activation (Geng et al., 2015). Thus,
whether the reintroduction of active Rac induces the G1 arrest of tetraploid cells is an
interesting open question. Moreover, a previous study reported that Mst1 limits the kinase
activity of aurora B to promote stable kinetochore-microtubule attachment (Oh et al., 2010).
Thus, there might be other effectors downstream of Hippo signaling that mediate polyploidy.
In conclusion, our results reveal that the modulation of the Hippo signaling pathway orients
hepatocytes into a specific cell cycle program, leading to the generation of diploid or
polyploid cells. It is of interest to determine whether Hippo signaling is also involved in the
regulation of other polyploid cell types such as megakaryocyte polyploidization.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance

p53 is required for the induction of cell senescence to limit the proliferation of polyploid
cells. We found that Hippo signal deficiency or Yap activation in mouse livers result in
polyploid formation and polyploid cell growth. The combined loss of Hippo signals and
p53 lead to greatly increased polyploidy and result in a higher incidence and earlier onset
of liver tumors. We revealed that Yap induces cell polyploidy through the Skp2-mediated
ubiquitin-proteasome pathway. Importantly, the deregulation of the Hippo-Yap-Skp2 axis
is found in a substantial fraction of human hepatocellular carcinomas. Thus, Hippo-Yap
signaling acts as an alternative polyploid checkpoint, together with p53, to synergistically
restrain polyploid cell division, thus limiting the risk of genomic instability, aneuploidy,
and tumorigenesis.
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Figure 1. Yap activation increases hepatocyte polyploidy and synergizeswith p53 inactivation to
enhance liver tumorigenesis

(A and B) Fluorescence-activated cell sorting (FACS) analysis (A) and the DNA content
quantification (B) of polyploid hepatocytes from wild-type (WT), WW457'Alb-Cre (WW45
KO), MstIf MstZf Alb-Cre (Mst1/2 DKO), Lats1fLatsAf Alb-Cre (Lats1/2 DKO), Yap
(S127A) transgenic (Yap Tg) and Yap T A/b-Cre (Yap KO) mice (n = 3). 2C, 4C, 8C and >8C
DNA content, corresponding to diploid, tetraploid, octaploid and higher polyploid
hepatocytes, respectively.

(C) Hepatocytes in liver sections from the indicated genotypes were labeled with DAPI and
an antibody against p-catenin. The areas of the cell (cell size) and the DAPI positive
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compartment (nucleus) were imaged with a Zeiss LSM 780 (upper panel) and quantified
using ImagelJ software (lower panel). Scale bars: 20 pm.

(D and E) The correlation of hepatocyte size and ploidy status from wild-type mice after the
hydrodynamic delivery of pPCMV-mCherry control or pCMV-mCherry-Yapsgio7a Was
assessed by immunofluorescent staining (D) and FACS (E) approaches. Scale bars: 20 pm.
(F and G) The quantification of the percentage of cells at the different mitotic phases (F) and
the percentage of abnormal anaphase cells (G) according H&E and immunohistochemistry
(IHC) staining for pHH3 in liver sections.

(H) Immunoblot analysis of p53, phosphorylated (p-) Yap, Yap, Mst1, Mst2 and GAPDH in
WT or Mst1/2 DKO liver tissues.

() Immunablot analysis of p53, Yap and GAPDH in WT or Yap Tg liver tissues.

(J) The DNA content quantification of polyploid hepatocytes from WT, Mst1/2 DKO p53KO
or Mst1/2 p53 TKO mice using FACS analysis (n = 3).

(K) A representative liver picture and the liver-to-body weight ratios (n = 5) of 2 month old
WT, Mst1/2 DKO p53KO or Mst1/2 p53 TKO mice.

(K and L) A representative liver picture (K) and the quantification of the size and number of
liver tumors (n =5) (L) of 4.5 month old WT, Mst1/2 DKO p53KO or Mst1/2 p53 TKO
mice.

(M) A proposed working model for Hippo signaling decreases hepatocyte polyploidy and
synergizes with p53 to inhibit liver tumorigenesis.

Data were assessed by Student’s t-test and represented as mean + SD ns, no significant, *p <
0.05, **p < 0.01, ***p < 0.001 compared between indicated groups. See also Figure S1.
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Figure 2. Loss of Hippo signaling resulted in the accumulation of p27 leading to polyploidy
(A) The quantification of the relative protein expression levels of cell cycle related proteins

p27, p21, CDK2, CDK4, CDKS®, Cyclin Al, Cyclin D1 and Cyclin E1 in livers from the
indicated mouse strains with a liver-specific mutation of the Hippo signaling components.
(B) Quantitative PCR analysis of the p27 mRNA expression in hepatocytes from the

indicated liver-specific mutant mice.

(C) Immunoblot analysis of p27, p-Yap, Yap, Latsl, Lats2 and GAPDH in WT or Lats1/2

DKO MEFs.
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(D) Immunoblot analysis of p27, Yap and GAPDH in WT, Yap Tg or Yap KO control liver
tissues.

(E) Immunoblot analysis of p27, Yap, Mst1, Mst2 and GAPDH in WT, Mst1/2 DKO, Yap
M Afb-Cre (YAP*™) or Mst1 MstZ!t yapt!fl Alb-Cre (DKO Yap*/) liver tissues.

(F-H) H&E staining of liver sections (F, upper panel) and the quantification of cell number
per viewfield (G) or the DNA content quantification (F, lower panel and H) of polyploid
hepatocytes by FACS from WT or Mst1/2 DKO mice infected with either adenovirus
expressing a GFP control vector (Ad-GFP) or p27-knock-down shRNA (Ad-Shp27) as
indicated (n = 3). Scale bars: 20 um.

(I'and J) IHC staining of BrdU or pHH3 in the liver sections from WT, Mst1/2 DKO, or
Mst1/2 DKO mice infected with either Ad-GFP or Ad-Shp27 as indicated after partial
hepatectomy (I). The bar graph shows the quantifications of BrdU- or pHH3-positive cells in
the livers (n = 3) (J). Scale bars: 20 pm.

(K) Immunoblot analysis of the p27 levels in the livers from Mst1/2 DKO mice infected with
adeno-associated virus (AAV) expressing control GFP or p27 shRNA.

(L and M) A representative liver picture (L) and the quantification of the size and number of
liver tumors in 4.5 month old Mst1/2 DKO mice (n = 4) infected with AAV-GFP or AAV-
Shp27.

(N) A proposed working model for Yap activation promoting nuclear accumulation of p27
resulted in increased polyploidy and tumor formation.

Data were assessed by Student’s t-test and represented as mean + SD *p < 0.05, **p < 0.01,
***n < 0.001 compared between the indicated groups. See also Figure S2.
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Figure 3. Loss of Hippo signaling enhances the cytoplasmic retention of Skp2
(A and B) Immunoblot analysis of p27, Skp2, a-tubulin or PARP in the cytoplasmic (c) and

nuclear (n) fractions of WT, Mst1/2 DKO (A) or Yap Tg (B) liver tissues.

(C and D) IHC staining (C) or immunoblot analysis of the cell fractions (D) of Skp2 and p27
in liver tissues from WT, Mst1/2 DKO, Mst1f MstZt yaptf Alb-Cre (DKO Yap*/~) or Yap
Tg mice. Scale bars: 20 um.

(E) Immunofluorescent staining of Skp2 (red) and the nuclear counterstain (DAPI, blue) in
primary MEFs isolated from WT, Lats1/2 KO (left panel) or Yap Tg (right panel) mice.
Scale bars: 10 ym.
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(F-H) Immunoblot analysis of acetylated (ace-) Skp2, Skp2,p-Yap, Yap, Mstl, Mst2 and
GAPDH in the immunoprecipitates or total lysates of hepatocytes isolated from WT, Mst1/2
DKO (F), Yap Tg (G), or Yap KO (H) mice. For the detection of ace-Skp2, the loading of the
immunoprecipitates was normalized according to the levels of total Skp2.

(I and J) Immunoassay assessing the ubiquitination of p27 (detected with anti-Myc) in the
lysates of 293T cells expressing various combinations of Myc-tagged ubiquitin, Flag-tagged
p27, HA-tagged Yap and HA-tagged WT Skp2 (1) or an acetylation-mimetic (KLKL) mutant
form of Skp2 (J) as indicated.

(K) Immunoblot analysis of Skp2, p27 and GAPDH in liver tissues from WT and Skp2 KO
mice infected with Ad-GFP, Ad-Skp2 (WT) or Ad-Skp2 (KLKL).

(L) A proposed working model for Yap activation regulating p27 stability through
modulating Skp2 acetylation and sub-cellular localization.

See also Figure S3.
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Figure 4. Yap regulates Skp2 cytoplasmic retention via Akt-p300 axis
(A-C) Immunoblot analysis of p-p300, p300, p-Akt, Akt, Yap or GAPDH in the

immunoprecipitates or total lysates of hepatocytes isolated from WT, Mst1/2 DKO (A), Yap
Tg (B) or Yap KO (C) mice. For the detection of the p-p300 levels, the loading of the
immunoprecipitates was normalized according to the levels of total p300.

(D and E) Immunoblot analysis of p27, Skp2, a-tubulin or PARP in the cytoplasmic (c) and
nuclear (n) fractions of liver cells isolated from mice treated with vehicle or insulin (D) or
mice infected with Ad-GFP or Ad-Myr-Aktl (active Aktl) (E).
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(F and G) FACS analysis (F) and the DNA content quantification (G) of ploidy hepatocytes
from WT mice infected with Ad-GFP or Ad-Myr-Aktl (n = 3).

(H) A representative liver picture and the liver-to-body weight ratios of WT mice (n = 5)
infected with Ad-GFP or Ad-Myr-Aktl.

(1 and J) Immunoblot analysis of the cell fractions (1) or IHC staining (J) of Skp2 and p27
from liver tissues isolated from Mst1/2 DKO mice treated with vehicle or the Akt inhibitor
MK2206. Scale bars: 20 pm.

(K) Immunoblot analysis of Skp2, p27, a-tubulin or PARP in the cytoplasmic and nuclear
fractions of liver tissues from WT, Aktl KO, Mst1/2 DKO or Mst1 "t MstAf Akt1 KO Alb-
Cre (TKO) mice.

(L-0O) H&E staining of liver sections (L and N, upper panel), the quantification of cell
number per viewfield (M and O) or the DNA content quantification by FACS (L and N,
lower panel, M and O) of polyploid hepatocytes from Mst1/2 DKO mice treated with the
Akt inhibitor MK2206 (n = 3) (L and M) or from WT, Aktl KO, Mst1/2 DKO or Mst1/2
Aktl TKO mice (n = 3) (N and O). Scale bars: 20 pm.

(P) A proposed working model for Yap activation modulating Skp2 acetylation and sub-
cellular localization via Akt-P300 signaling.

Data were assessed by Student’s t-test and represented as mean + SD ns, no significant (p >
0.05), *p < 0.05; **p < 0.01; ***p < 0.001 compared between the indicated groups. See also
Figure S4.

Cancer Cell. Author manuscript; available in PMC 2018 March 22.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Zhang et al. Page 23
Skp2 KO  Mst1/2 DO Mst1/2 Skp2 TKO c
SO SO R e | wWT O Mst1/2 DKO
\ . ; ; & Skp2 KO [ Skp2 Mst1/2 TKO
=8 =
[} s
477 260 5
>
s 8401 ..
© © [rx kel
=, 36.1 320 L’:‘m e
GAPDH | e e e | = %0 56 [ W53 T
e T T e T T 2C 4C 8C >8C
2C4C8C >8C 2C4C8C >8C 2C4C8C »>8C 2C4C8C >8C
DNA content
Q&
D E F RV oF
WT Skp2 KO Mst1/2 DKO Mst1/2 Skp2 TKO E \é‘g 20 ,\\‘lx [¢)
o e ik eilbo, p2 KO & o<E
: J N o L0 3 5 v‘ et o - o A - @ Mst1/2 DKO O @
% o ABegy o iuseie S8 530 DI M2 Skp2 TRO el
o SRR O @
: - 3 20
< Yl . 3 (8]
; S afa £ 10 8
- s 2 s
I} o 2
= . < e
Q. ) *5 ‘e g
IR t £ 101 i
~ o
2
G o R H Skp2KO
q N e} Ad-Skp2(WT) I W Skp2 KO + Ad-GFP
s& Ro @‘:’(\ <& [ Skp2 KO + Ad-Skp2 (WT)
£ Q O Skp2 KO + Ad-Skp2 (KLKL)
oo 6 8 L 9 ¢ v € 2 wop 0 w L ns
e e 3 |
= T o 60
S 3
g g
% s < 40
@ » [9)
2 s %
> .
g = | ‘ 320
= 0 o] : 0{4. T
° =R : Al 3 : 0
= 2C4C8C =>8C 2C4C8C =>8C 2C4Cc8C >8C
DNA content
J Skp2 KO
X K L M N
Skp2UKLKL) Skp2 KO
Q (51, HepG2 siSkp2 Polyploid hepatocytes
m Adcrp & 65'5“49 -
Ad-Skp2(KLKL ¢ o
~20 ***p ( ) ?;6 # f:Y~ attt 0 %
= R z
©15 = @
® E e
o il o
o 10 Fk [ ‘ 0
= = = —
% 5 3 &
o S 15 s >
o Q 10 Q
cgralll ¥ Py R
3 z
Q}b QQ\‘Z\ = 0

Figure 5. Cytoplasmic Skp2 promotes polyploid cell division

(A) Immunoblot analysis of p27, Skp2, Mst1, Mst2 and GAPDH in liver lysates of WT,
Skp2 KO, Mst1/2 DKO, Mst1t MstA!f Skp2 KO Alb-Cre (Mst1/2 Skp2 TKO) mice.

(B and C) H&E staining of the liver sections (B, upper panel) and the DNA content
quantification of hepatocytes of the indicated mice using FACS (n = 3) (B, lower panel, and
C). Scale bars: 20 pm.

(D and E) IHC staining (D) and the quantification (E) of BrdU- or pHH3-positive cells in the
liver sections from the indicated mice. Scale bars: 20 pm.
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(F and G) A representative liver picture and the liver-to-body weight ratios (n = 5, 3 months
old, F) and the quantification of liver tumors (n = 5, 5 months old, G) of the indicated mice.
(H and 1) H&E staining of the liver sections from Skp2 KO mice infected with Ad-GFP, Ad-
Skp2 (WT) or Ad-Skp2 (KLKL) (H, upper panel) and the DNA content quantification of
hepatocytes from the indicated mice using FACS (n = 3) (H, lower panel and I). Scale bars:
20 pm.

(J and K) IHC staining of BrdU or pHH3 (J) and the quantification of BrdU- or pHH3-
positive cells (K) in liver sections from Skp2 KO mice infected with adenovirus Ad-GFP or
Ad-Skp2 (KLKL) (n = 3). Scale bars: 20 pm.

(L) The representative liver sizes and liver-to-body weight ratios (n = 5) of Skp2 KO mice
infected with Ad-GFP or AD-Skp2 (KLKL).

(M) A representative image of the clonogenic assay and the quantification of clones per well
for Skp2-knockedg down HepG2 cells infected with Ad-GFP or Ad-Skp2 (KLKL).

(N) A proposed working model for acetylated Skp2 promoting polyploidy cell proliferation.
Data were assessed by Student’s t-test and represented as mean + SD ns, no significant (p >
0.05), *p < 0.05, **p < 0.01, ***p < 0.001 compared between the indicated groups. See also
Figure S5.
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Figure 6. Yap promotes polyploid cell division via Skp2-mediated FoxO degradation
(A and B) Immunoblot analysis of FoxO1, FoxO3a and GAPDH (A) and quantitative PCR

analysis of FoxO target genes (B) in liver of WT or Mst1/2 DKO mice.

(C) Immunoblot analysis of FoxO1, FoxO3a, Mst1, Mst2, Skp2 and GAPDH in WT, Mst1/2
DKO, Skp2 KO or Mst1 "t Mst2f Skp2 KO Alb-Cre (TKO) liver lysates.

(D) Immunoblot analysis of p-FoxO1 (S256), p-Fox01/3 (T24/T32), p-Akt, p-Yap, FoxO1,
FoxO3a, Akt, Yap and GAPDH in liver lysates of WT or Mst1/2 DKO mice treated with
vehicle control (CTR) or Akt inhibitor MK2206.
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(E and F) Immunoblot analysis of the cell fractions (E) or IHC staining (F) of FoxO1 or
FoxO3a of liver cells from WT, Mst1/2 DKO, MstIf mstA!t yAptf Alp-Cre (DKO Yap™™)
or Yap Tg mice. Scale bars: 20 pm.

(G) Immunablot analysis of FoxO1, FoxO3a, a-tubulin or PARP in the cytoplasmic and
nuclear fractions of WT, Mst1/2 DKO, Aktl KO or Mst1/2 Aktl TKO liver tissues.

(H and 1) Immunoassay of the ubiquitination of FoxO1 (detected with anti-Myc) in the
lysates of 293T cells expressing various combinations of Myc-tagged ubiquitin, Flag-tagged
FoxO1, HA-tagged Yap and HA-tagged Skp2 (H) with or without Akt inhibitor MK2206
treatment

(J) Quantification of BrdU or TUNEL-positive cells in the liver sections from Mst1/2 DKO
mice infected with Ad-GFP or Ad-Foxo1(S256A) (n = 3).

(K and L) The representative liver sizes and liver-to-body weight ratios of Mst1/2 DKO
infected with adenovirus Ad-GFP or Ad-FoxO1(S256A) (n = 5) (K) or Skp2 KO mice
infected with adenovirus Ad-GFP, Ad-FoxO1(S256A), Ad-Skp2(KLKL) or Ad-
FoxO1(S256A) plus Ad-Skp2(KLKL) (n =5) (L).

(M) A proposed working model for Yap promoting polyploid cell division via Skp2-
mediated FoxO degradation.

Data were assessed by Student’s t-test and represented as mean + SD *p < 0.05, **p < 0.01,
***n < 0.001 compared between the indicated groups.

See also Figure S6.
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Figure 7. Disruption of Akt function attenuatesliver tumor formation in Mst1/2 DKO mice
(A and B) Representative liver pictures and the liver-to-body weight ratios of Mst1/2 DKO

mice treated with the Akt inhibitor MK2206 (n = 5) (A) or of WT, Aktl KO, Mst1/2 DKO,
Mst1/2 Aktl TKO mice (n =5) (B).

(C) A representative liver picture and the quantification of tumor number from WT, Aktl
KO, Mst1/2 DKO, Mst1/2 Aktl TKO mice (n = 6).

(D and E) A representative liver picture and the quantification of the size and number of
liver tumors (n = 6) of 5 month old Mst1/2 DKO mice treated with vehicle or the Akt
inhibitor MK2206.

(F) A proposed working model for the disruption of Akt function attenuating liver tumor
formation in Mst1/2 DKO mice.

Data were assessed by Student’s t-test and represented as mean + SD, ***p < 0.001
compared between the indicated groups. ND, non-detectable.
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Figure 8. Yap-Akt-Skp2 signal isimplicated in human HCC progress
(A) A representative image of H&E staining and the IHC analysis of p-Yap, p-Akt, Skp2 or
FoxOl in the liver sections of adjacent non-tumorous livers (N) or HCC tissues (T) isolated
from one patient. Scale bars: 50 pm.
(B and C) Western blot analysis of ace-Skp2, Skp2, FoxO1, FoxO3a, p-Akt, Akt, p-Yap, Yap
and GAPDH in HCC tissue (T) and adjacent non-tumorous liver tissue (N) isolated from one
patient. Six representative paired samples are shown (B). See Supplementary Figure S7A for
the remaining 54 paired samples. For the detection of ace-Skp2, the loading of
immunoprecipitates was normalized according to the levels of total Skp2. The intensities of
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the immunoblot bands were quantified using the ImageJsoftware. A heatmap representation
of the ratio of the relative expression of the proteins p-Yap, Foxo3a, Foxol, ace-Skp2 or p-
Akt in the T and N samples from one patient. Clustering was performed by using Pearson
correlation metric and centroid linkage (C).

(D-G) Scatter plot analysis of the immunoreactive score (IRS) of the nuclear Yap (D and F)
or the cytoplasmic skp2 (E and G) inpaired liver cancer and adjacent non-cancer paraffin
tissue sections or in different tumor stages from the tissue microarray of human liver cancer.
IRS scores of 0-1 indicate negative; scores of 2—-3 indicate mild; scores of 4-8 indicate
moderate; scores of 9—12 indicate strongly positive. A total of 94 paired samples are shown.
The data were assessed by Student’s t-test and are represented as the mean + SD

(H) The IRS of nuclear Yap and the cytoplasmic Skp2 of liver cancer sections from the
tissue microarray of human liver cancer was plotted and assessed using a linear regression t-
test.

(I and J) Kaplan-meier plot of overall survival of patients with HCC stratified by high IRS
(>6) or low IRS (<6) of nuclear Yap (I) or cytoplasmic Skp2 (J) expression levels. A log-
rank test is used for statistical analysis. See also Figure S7.
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