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The liver possesses extraordinary regenerative capacity in response to injury. However,
liver regeneration (LR) is often impaired in disease conditions. Wild-type p53-induced
phosphatase 1 (Wip1) is known as a tumor promoter and enhances cell proliferation,
mainly by deactivating antioncogenes. However, in this work, we identified an unex-
pected role of Wip1 in LR. In contrast to its known role in promoting cell proliferation
in extrahepatic tissue, we found that Wip1 suppressed hepatocyte proliferation after par-
tial hepatectomy (PHx). Deletion of Wip1 increased the rate of LR after PHx.
Enhanced LR in Wip1-deficient mice was a result of the activation of the mammalian
target of rapamycin (mTOR) complex 1 (mTORC1) pathway. Furthermore, we showed
that Wip1 physically interacted with and dephosphorylated mTOR. Interestingly, inhi-
bition of Wip1 also activated the p53 pathway during LR. Disruption of the p53 path-
way further enhanced LR in Wip1-deficient mice. Therefore, inhibition of Wip1 has a
dual role in LR, i.e., promoting hepatocyte proliferation through activation of the
mTORC1 pathway, meanwhile suppressing LR through activation of the p53 pathway.
However, the proregenerative role of mTORC1 overwhelms the antiproliferative role of
p53. Furthermore, CCT007093, a Wip1 inhibitor, enhanced LR and increased the sur-
vival rate of mice after major hepatectomy. Conclusion: mTOR is a new direct target of
Wip1. Wip1 inhibition can activate the mTORC1 pathway and enhance hepatocyte pro-
liferation after hepatectomy. These findings have clinical applications in cases where LR
is critical, including acute liver failure, cirrhosis, or small-for-size liver transplantations.
(HEPATOLOGY 2015;61:2030-2041)

I
n humans, liver regeneration (LR) occurs fre-
quently after liver damage by ischemia, viral infec-
tions, alcohol, or drug overdose. Despite the

extensive regenerative capacity of hepatocytes per se,
there are many disease conditions where this capacity
is not sufficient to compensate for loss of hepatocytes
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and liver function.1-3 Thus far, the only curative treat-
ment for acute and end-stage chronic liver failure is
liver transplantation; however, the number of available
donor livers is limited. Therefore, it is important to
develop new pharmacological approaches to enhance
LR for treatment of liver diseases. LR has been exten-
sively studied through a variety of approaches, but the
mechanisms of LR are still elusive.4,5

LR after two-thirds partial hepatectomy (PHx) in
rodents is one of the most well-established models for
studying LR.6,7 A variety of interacting factors, includ-
ing inflammatory cytokines, growth factors, protein
kinases, cell-cycle regulators, and metabolic regulators,
were activated sequentially after PHx.3,5 Among them,
the activation of p53 and p38 mitogen-activated pro-
tein kinase (p38 MAPK) has been involved in the
hepatocyte proliferation after PHx.8-12

Wip1, first discovered as an important regulator of
tumorigenesis,13-16 has been shown to promote cell
proliferation through p53 and p38 MAPK.16-18

Although Wip1 has been recently implicated in several
physiological processes,16,18-21 its role in LR is still
unknown. In this study, we investigated the role of
Wip1 in LR.

Given the role of Wip1 in promoting cell prolifera-
tion, we have speculated that deletion of Wip1 would
impair LR after PHx. However, the data revealed an
unexpected function of Wip1 in LR after PHx. Contrary
to its known function in extrahepatic tissue, Wip1 dele-
tion enhances LR after PHx. Enhanced hepatocyte pro-
liferation after PHx is dependent on mammalian target
of rapamycin (mTOR), but not p53, p38, or nuclear
factor kappa B (NF-jB). Further experiment show that
mTOR is a new dephosphorylation target of Wip1.

Materials and Methods

Animals. Wip12/2 mice were a kind gift from
Prof. Lawrence A. Donehower.22 p532/2 and p212/2

mice have been previously described.23,24

PHx Experiments. Two-thirds PHx operations
were performed according to a previously described
method.7 For the major hepatectomy operations (80%
hepatectomy),25 the left, median, and posterior right
lobes were resected.

Liver Histology and Immunohistochemistry.
Hematoxylin and eosin (H&E) was used for histologi-
cal examination. Immunohistochemistry (IHC) was
performed with mouse antibromodeoxyuridine (anti-
BrdU; Sigma-Aldrich, St. Louis, MO) and anti-b-
catenin (CST, Danvers, MA) antibodies (Abs).

Microarray Analysis. Microarrays were performed
using the CapitalBio 32k mouse array, and the data are
accessible in the National Center for Biotechnology Infor-
mation Gene Expression Omnibus database (GSE16033).

Western Blotting Analysis. Liver tissue samples
(50 mg) and primary hepatocytes were lysed in radio-
immunoprecipitation assay buffer (Beyotime Co.,
Shanghai, China) containing protease inhibitor cocktail
(Roche Pharma AG, Grenzach-Wyhlen, Germany).
Primary Abs are listed in Supporting Table 1.

Statistical Analyses. Statistical analyses were per-
formed using the Student two-tailed t test. Differences
with calculated P values less than 0.05 were considered
to be statistically significant.

See the Supporting Information for a detailed
description of the methods used.

Results

Increased Wip1 Expression During LR After PHx. To
investigate the role of Wip1 in LR, we examined
expression of Wip1 in the liver after sham or PHx in
wild-type (WT) mice. A significant increase in Wip1
protein level was detected in the regenerating liver
after PHx (Fig. 1A).

Increased Index of Liver to Body Weight and Hepatocyte
Nuclear Numbers in Wip12/2 Mice. To further investi-
gate the role of Wip1 in LR, we genetically disrupted
the Wip1 gene and examined the liver of Wip12/2

mice before and after PHx. Although H&E staining
revealed normal liver histology in Wip12/2 mice (Fig.
1B), the index of liver to body weight (ILBW) was sig-
nificantly increased in Wip12/2 mice, compared with
Wip11/1 mice, regardless of age or gender (Fig. 1C).
We also observed an increase of hepatocyte nuclear
numbers in Wip12/2 livers (Fig. 1D and Supporting
Fig. 1A). There was no significant difference in cell
size and DNA content between Wip12/2 and
Wip11/1 hepatocytes (Supporting Fig. 1B-D).
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Wip12/2 Mice Exhibit Enhanced LR after PHx. After
PHx, Wip12/2 mice showed significantly higher ILBW
than Wip11/1 mice (Fig. 2A). Considering that
Wip12/2 mice exhibit higher ILBW than Wip11/1

mice before PHx, we normalized the ILBW after PHx
to that before PHx and found that the normalized
ILBW was significantly different between Wip12/2

and Wip11/1 mice at 36 and 72 hours post-PHx (Fig.
2B). Consistently, the peak of hepatocyte proliferation
was significantly higher in Wip12/2 livers, in compari-
son to that in Wip11/1 livers, after PHx, as indicated

by the BrdU incorporation assay and the mitotic index
(Fig. 2C,D). In addition, peak expression levels of pro-
liferating cell nuclear antigen (PCNA) and cyclinD1
were significantly higher in Wip12/2 livers than in
Wip11/1 livers after PHx (Fig. 2E,F). Fluorescence-
activated cell sorting analysis of primary cultured hepa-
tocytes (PCHs) showed that the proportion of Ki67-
positive cells significantly increased in the Wip12/2

group after 1- and 2-hour culture (Supporting Fig. 2).
Together, these data indicate that deletion of the Wip1
gene enhances LR.

Fig. 1. Increased Wip1 expression during LR after PHx. (A) Representative western blotting analysis of Wip1 protein in mouse liver after PHx
and sham operation. Quantifications were normalized to b-actin (n 5 5 per group). (B) Representative H&E staining of liver sections from
Wip11/1 and Wip12/2 mice without PHx. Scale bar: 100 mm. (C) ILBW in Wip11/1 and Wip12/2 mice without PHx at 2 months of age
(n� 12) or 2 years of age (n� 8) in the male (n� 11) or female (n� 8) groups. (D) Representative IHC staining of b-catenin (to distinguish
the border of hepatocytes) in Wip12/2 and Wip11/1 mice without PHx. Hepatocyte nuclear numbers were counted in 10 microscopic vision
fields per section. Three sections per mouse were examined (n� 4 mice per group). Scale bar: 10 mm. Error bars represent the mean 6 stan-
dard error of the mean (SEM). *P< 0.05; **P< 0.01. Abbreviations: h, hour; N.S., no significant difference.
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Enhanced LR in Wip12/2 Mice Is Dependent on
the mTOR Complex 1 Pathway. To identify poten-
tial new substrates of Wip1 phosphatase that play a
role in LR, we compared the transcriptome profiles of
Wip11/1 and Wip12/2 livers at 24 and 36 hours post-
PHx (GSE16033). Ingenuity Pathway Analysis (IPA)
revealed significant changes in metabolic signaling
pathways in Wip12/2 livers, compared to Wip11/1

livers, after PHx (Fig. 3A). Considering that the
mTOR complex 1 (mTORC1) pathway is one of the
major metabolic pathways controlling LR after
PHx,26,27 we examined mTORC1 activity in livers of

Wip11/1 and Wip12/2 mice. After PHx, Wip12/2 liv-
ers showed significant increases in levels of phospho-
p70S6K (Thr389) and phospho-S6 (Ser235/236) at
12, 24, and 36 hours post-PHx (Fig. 3B and Support-
ing Fig. 3A). There was no significant difference in
levels of phospho-4E-BP1 (phospho-eukaryotic initia-
tion factor 4E-binding protein 1, Thr37/46) between
Wip11/1 and Wip12/2 livers (Fig. 3B).27 Western
blotting analysis of PCHs showed increased levels of
phospho-p70S6K (Thr389) and phospho-S6 (Ser235/
236) in Wip12/2 hepatocytes, but comparable levels
of phospho-4E-BP1 (Thr37/46), phospho-c-Jun

Fig. 2. Enhanced LR in Wip12/2 mice after PHx. (A) ILBW in Wip12/2 and Wip11/1 mice before and after PHx (n� 11 for each time point).
(B) ILBW after PHx were normalized to ILBW before PHx for Wip12/2 and Wip11/1 mice separately (n� 11 for each time point). (C) Represen-
tative IHC staining of BrdU-positive cells in livers of Wip12/2 and Wip11/1 mice after PHx. Arrows point to BrdU-positive cells. (D) Representa-
tive Hematoxylin staining of hepatocytes in Wip12/2 and Wip11/1 livers before and after PHx. Arrows point to mitotic cells. (C and D) Nuclei
were counted in 10 microscopic vision fields per section. Three sections per mouse were examined (n� 4 mice for each time point). Scale bar:
100 mm. (E) Representative western blotting analyses of PCNA expression in livers of Wip12/2 and Wip11/1 mice after PHx. Quantifications
were normalized to b-actin (n� 4 mice for each time point). (F) Representative western blotting analyses of cyclin D1 expression levels before
and after PHx. Quantifications were normalized to b-actin (n� 4 mice for each time point). Error bars represent the mean 6 standard error of
the mean (SEM). *P< 0.05; **P< 0.01, N.S. Abbreviations: h, hour; N.S., no significant difference.
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N-terminal kinase (T183/Y185), and phospho-
extracellular signal-regulated kinase (T202/Y204)
between Wip12/2 and Wip11/1 hepatocytes (Support-
ing Fig. 3B,C). These findings indicated that the
mTORC1/p70S6K pathway was likely responsible for
enhanced LR in Wip12/2 mice. To test this hypothe-
sis, we treated Wip11/1 and Wip12/2 mice with rapa-
mycin to block mTORC1 activation after PHx. As
expected, there was no detectable phospho-p70S6K
(Thr389) after rapamycin treatment in either Wip11/1

or Wip12/2 livers (Supporting Fig. 3D). Remarkably,
in contrast to vehicle treatment, rapamycin treatment
completely abolished the difference in ILBW between
Wip12/2 and Wip11/1 mice at 36 and 72 hours post-
PHx (Fig. 3C). Rapamycin treatment also consistently

eliminated the difference in PCNA expression between
Wip12/2 and Wip11/1 livers at 36 hours post-PHx
(Fig. 3D). Therefore, the enhanced LR observed in
Wip12/2 mice was most likely a result of enhanced
activation of the mTORC1 pathway.

Wip1 Regulates Phosphorylation of mTOR. To
determine whether the effects of Wip1 on the
mTORC1 pathway merely reflect its ability to nega-
tively regulate p70S6K, we examined multiple phos-
phorylation sites within mTOR as well as the other
downstream target of mTORC1.28-30 We treated WT
mice with the Wip1 inhibitor, CCT007093,31 under
three regimens (Supporting Fig. 4A). The level of
phospho-p53 (Ser15) was used as a reporter of Wip1
inhibition.32 The highest levels of p53 phosphorylation

Fig. 3. Wip1 regulates LR through the mTORC1 pathway. (A) IPA predicts significantly altered pathways in regenerating livers between Wip12/2

and Wip11/1 mice. (B) Western blotting analysis of phospho-p70S6K, phospho-S6, and phospho-4E-BP1 in livers of Wip12/2 and Wip11/1

mice before and after PHx. Quantifications were normalized to b-actin (n 5 3-4 per group). (C) ILBW of Wip12/2 and Wip11/1 mice treated
with rapamycin or vehicle at 36 and 72 hours post-PHx (n 5 6 per group). (D) Representative western blotting analysis of PCNA expression in
livers of Wip12/2 and Wip11/1 mice treated with rapamycin or vehicle at 36 hours post-PHx. Quantifications were normalized to b-actin (n 5 6
per group). Error bars represent the mean 6 standard error of the mean (SEM). *P< 0.05; **P< 0.01; ***P< 0.001. Abbreviations: h, hour;
N.S., no significant difference; Rapa, rapamycin.
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were observed after 4 injections with 3.2 mg/kg body
weight (b.w.) of CCT007093, although expression of
Wip1 was not changed (Supporting Fig. 4B). Consis-
tently, the highest levels of mTOR (Ser2448, Ser2481,
and Ser2159) phosphorylation and p70S6K (Thr389)
phosphorylation were observed at the same dosage (Sup-
porting Fig. 4C); this dosage was used for the following
experiments. At 36 hours post-PHx, phosphorylation
levels of mTOR at Ser2448, Ser2481, and Ser2159 were
all significantly increased in livers of CCT007093-
treated mice (Fig. 4A). Furthermore, phosphorylation
levels of p70S6K (Thr389) and S6 (Ser235/236) were
also significantly increased in livers of CCT007093-
treated mice (Fig. 4A). To confirm these results, we
treated the HEK293T cell line with CCT007093, and
found that phosphorylation levels of mTOR at Ser2448,
Ser2481, and Ser2159 were all significantly increased,
and phosphorylation levels of p70S6K (Thr389) and S6
(Ser235/236) were also up-regulated by CCT007093
treatment (Fig. 4B). To test whether Wip1 overexpres-
sion could reduce the phosphorylation of the mTOR
protein, Wip1 complementary DNA (cDNA) was trans-
fected into HEK293T cells. Ectopic expression of Wip1
significantly reduced the levels of phospho-mTOR
(Ser2448, Ser2481) and phospho-S6 (Ser235/236; Fig.
4C). These data indicate that Wip1 may modulate
mTORC1 activity through a direct dephosphorylation
of mTOR.

Wip1 Directly Interacts With and Dephosphory-
lates mTOR Protein. To examine the protein-
protein interaction between Wip1 and mTOR, we per-
formed immunoprecipitation experiments. Liver lysates
were prepared from WT mice at 36 hours post-PHx
and immunoprecipitated with anti-mTOR, anti-
p70S6K, or anti-Wip1 Abs. Interestingly, Wip1 was
immunoprecipitated by anti-mTOR, but not by anti-
p70S6K (Fig. 4D). Conversely, mTOR, but not
p70S6K, was immuno precipitated by anti-Wip1 (Fig.
4E). These findings indicate that Wip1 could physi-
cally interact with mTOR in the regenerating liver. In
addition, we performed an in vitro phosphatase assay.
Serum-starved HEK293T cells were stimulated with
insulin to induce mTOR phosphorylation at Ser2448
and Ser248133 (Supporting Fig. 4D). Next, immuno-
purified mTOR from these cells was used as a sub-
strate in phosphatase reactions containing lysates from
HEK293T cells transfected with Wip1 cDNA or vehi-
cle control. Western blotting analysis of the reaction
products showed that Wip1 dephosphorylated mTOR
at Ser2448 and Ser2481, and this dephosphorylation
effect could be abolished by application of Wip1
inhibitor (Fig. 4F). In conclusion, these results demon-

strate that Wip1 could directly dephosphorylate
mTOR.

Disruption of p53-p21 Pathway Further Enhances
LR in Wip12/2 Mice. Considering that Wip1 defi-
ciency results in sustained activation of p53, which
impairs the function of brain and intestine through
cell-cycle arrest and apoptosis, respectively,13,20 we ana-
lyzed the role of the p53 pathway in LR. After PHx,
Wip12/2 livers showed significant increases in protein
expression of p53 and p21, compared to Wip11/1 liv-
ers (Fig. 5A,B). Wip1 stabilizes mouse double minute
2 homolog (Mdm2) and dephosphorylates Mdm2 at
serine 395, thereby facilitating p53 ubiquitination and
degradation.32 Therefore, we also examined the expres-
sion of Mdm2 and found that the total protein and
nonphosphorylated levels of Mdm2 were significantly
decreased in Wip12/2 livers, compared to Wip11/1

controls, 36 hours after PHx (Supporting Fig. 5A).
To genetically dissect the function of the Wip1-p53-

p21 axis in LR after PHx, we generated Wip12/

2p532/2 and Wip12/2p212/2 mice. The observed
increase of ILBW in Wip12/2 mice was further
enhanced by the deletion of p53 or p21 (Fig. 5C,D).
To evaluate the function of the p53-p21 pathway in
Wip12/2 mice during LR, we performed PHx on
Wip12/2p532/2 and Wip12/2p212/2 mice. Interest-
ingly, PCNA expression after PHx was significantly
higher in Wip12/2p532/2 and Wip12/2p212/2 mice,
compared to Wip12/2 mice (Fig. 5E,F), indicating
that activation of the p53-p21 pathway in Wip12/2

mice inhibits LR after PHx. These data suggest that
enhanced LR in Wip12/2 mice is not a result of the
p53-p21 pathway.

Enhanced LR in Wip12/2 Mice Is Independent of
the p38 or NF-jB Pathway. Wip1 is a direct phos-
phatase of p38 (p-p38 Thr180/Tyr182) and NF-jB
(p-p65 Ser536).16,34 Previous studies have demon-
strated that the p38, NF-jB pathway (indicated by p-
p65, interleukin [IL]-6, and tumor necrosis factor
alpha [TNF-a]) is involved in LR.3,8,11,12 Consistently,
we observed a dramatic increase in levels of phospho-
p38 (Thr180/Tyr182; Supporting Fig. 5B,C), p-p65
(Supporting Fig. 5D), IL-6 (Supporting Fig. 5E), and
TNF-a (Supporting Fig. 5F) in livers of Wip1 inhibi-
tion and Wip11/1 mice after PHx; however, the differ-
ence between Wip1 inhibition and Wip11/1 livers was
not significant.

Wip1 Inhibitor Enhances LR After PHx and
Increases Survival of Mice After Major Hepatec-
tomy. We examined whether Wip1 inhibitor could
enhance LR in vivo. The ILBW was significantly
increased in CCT007093-treated mice, compared to
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Fig. 4. Wip1 directly interacts with and dephosphorylates mTOR protein. (A) Western blotting analysis of proteins in the mTORC1 pathway
from livers of WT mice injected with 3.2 mg/kg b.w. CCT007093 or DMSO four times; mice were sacrificed at 36 hours post-PHx. Quantifications
were normalized to b-actin (n 5 6 per group). (B) Western blotting analysis of proteins in the mTORC1 pathway in HEK293T cells treated with
CCT007093 (25 or 50 mM) or DMSO for 8 hours. Quantifications were normalized to b-actin (n 5 3 per group). (C) Western blotting analysis of
phosphorylation of mTOR (Ser 2448; Ser 2481) and S6 (Ser 235/236) in HEK293T cells after transient overexpression of Wip1 cDNA or empty
vector control. (D and E) Liver protein lysates were prepared from Wip11/1 mice at 36 hours post-PHx, immunoprecipitated (IP) with anti-Wip1,
anti-mTOR, or anti-p70S6K antibodies (IgG as control), and analyzed by Western blotting. (F) mTOR protein was immunoprecipitated and incu-
bated with cell lysates prepared from HEK293T cells transfected with Wip1 cDNA or empty vector control, with or without the Wip1 inhibitor,
CCT007093. The in vitro phosphatase reaction products were analyzed by western blotting using specific phospho-Abs. Error bars represent the
mean 6 standard error of the mean (SEM). *P < 0.05; **P < 0.01; ***P < 0.001. Abbreviations: DMSO, dimethyl sulfoxide; IgG, immuno-
globulin G; h, hour; N.S., no significant difference.



vehicle-treated mice, and the level of PCNA was also
significantly increased in liver of CCT007093-treated
mice at 36, 48, and 72 hours post-PHx (Fig. 6A,B),
suggesting that inhibition of Wip1 promoted LR after
PHx. Next, we explored whether the increased LR
after CCT007093 treatment significantly improved
survival in mice after major hepatectomy (80% hepa-
tectomy). By 72 hours after major hepatectomy, the
survival rate in the vehicle-treated group was less than
40%, whereas 80% of mice survived in the
CCT007093-treated group. Kaplan-Meier’s analysis
showed that CCT007093 treatment significantly
increased the survival rate of mice after major hepatec-
tomy (Fig. 6C). Pearson’s correlation analysis revealed
a significant positive correlation between ILBW and
survival time (Pearson’s r 5 0.76; P 5 0.02; Fig. 6D),

suggesting that the increased survival rate was a result
of the enhanced LR in CCT007093-treated mice after
major hepatectomy. The number and percentage of
neutrophils, lymphocytes, and monocytes of peripheral
blood in CCT007093-treated mice had no differences,
compared to the control group (Supporting Fig. 6A,
B). H&E staining showed normal liver histology in
CCT007093-treated mice at 36 hours post-PHx (Sup-
porting Fig. 6C). No inflammatory cell was detected
in CCT007093-treated and control mice at 36 hours
post-PHx (Supporting Fig. 6C). We also examined the
necrosis and apoptosis levels by H&E and terminal
deoxynucleotidyl transferase dUTP nick end labeling
staining, as well as western blotting analysis of cleaved
caspase-3 and rip1. The data showed that necrosis and
apoptosis levels were comparable between Wip12/2

Fig. 5. Disruption of the p53-p21 pathway further enhances LR in Wip12/2 mice. (A and B) Representative western blotting analyses of p53
and p21 protein levels in livers of Wip12/2 and Wip11/1 mice before and after PHx. Quantifications were normalized to b-actin (n� 4 mice
for each time point). (C and D) Bar graphs show the ILBW of Wip11/1p531/1 (n 5 14), Wip12/2p531/1 (n 5 14), Wip11/1p532/2 (n 5 8),
Wip12/2p532/2 (n 5 7), Wip11/1p211/1 (n 5 14), Wip12/2p211/1 (n 5 14), Wip11/1p212/2 (n 5 5), and Wip12/2p212/2 (n 5 5)
mice before PHx. (E) Representative western blotting analysis of PCNA levels in livers of Wip11/1p531/1, Wip12/2p531/1, Wip11/1p532/2,
and Wip12/2p532/2 mice after PHx. (F) Representative western blotting analysis of PCNA levels in livers of Wip11/1p211/1, Wip1-/-p211/1,
Wip11/1p212/2, and Wip12/2p212/2 mice after PHx. Quantifications were normalized to b-actin (n� 3 per group). Error bars represent the
mean 6 standard error of the mean (SEM). *P< 0.05; **P< 0.01; ***P< 0.001. Abbreviations: h, hour; N.S., no significant difference.
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and Wip11/1 livers at 24 and 48 hours after major
hepatectomy (Supporting Fig. 6D-F).

Discussion

LR is a delicately orchestrated, self-enforcing process
that involves many temporally activated or inhibited
pathways. Although it is known that the mTORC1
pathway promotes LR26,27 and that p53 activation
inhibits hepatocyte proliferation,8,9 it is not known
how these opposing pathways communicate with one
another to cooperatively regulate LR. Here, we show
that Wip1 plays a dual role in LR by promoting pro-
liferation through inhibition of the p53 pathway and
suppressing proliferation through inactivation of the

mTORC1 pathway. Notably, unlike its function in
extrahepatic tissue,16-18 the antiproliferative effects of
Wip1 appear to overcome its proregenerative effects,
and the deletion of Wip1 enhances LR primarily
through activation of the mTORC1 pathway (Fig. 7).

Wip1 has been proposed as a key mediator in p53
oscillation.35 It is plausible that, during the course of LR,
p53 activation leads to up-regulation of Wip1, which, in
turn, dampens p53 protein levels, as a negative feedback
loop. In this study, the increase of p53 levels in Wip12/2

livers was only observed at 36 hours post-PHx when the
role of the Wip1-p53 negative feedback loop becomes
obvious. These data indicate that the p53 oscillation in
the course of LR is disrupted by Wip1 deletion.

Fig. 6. A Wip1 inhibitor enhances LR post-PHx and prolongs survival time after major hepatectomy. (A) ILBW in CCT007093- or DMSO-treated
mice 24, 36, 48, and 72 hours post-PHx (n� 3 per group). (B) Representative western blotting analysis of PCNA levels in CCT007093- or
vehicle-treated mice 24, 36, 48, and 72 hours post-PHx. Quantifications were normalized to b-actin (n 5 5-6 per group). (C) Survival curves for
mice treated with CCT007093 (n 5 10) or vehicle (n 5 13) after major hepatectomy. (D) Correlation between ILBW and survival time in mice
after 80% hepatectomy. Pearson’s r 5 0.76. Error bars represent the mean 6 standard error of the mean (SEM).*P< 0.05; **P< 0.01;
***P< 0.001. Abbreviations: DMSO, dimethyl sulfoxide; h, hour; N.S., no significant difference.
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Biologically, the inhibition of mTORC1 is just as
important as its activation.36 However, whereas much is
known about the factors that positively regulate
mTORC1 activity through phosphorylation of
mTOR,37-40 relatively little is known about the phos-
phatases that directly dephosphorylate mTOR. Here, we
identify that Wip1 phosphatase, as an important sup-
pressor of mTORC1 activity, is directly involved in
dephosphorylating the mTOR protein. mTOR kinase
activity is associated with multisite phosphorylation of
mTOR, among which Ser2448 phosphorylation and
Ser2481 autophosphorylation monitor mTORC1
intrinsic catalytic activity.30,33 In this study, we show
that mTORC1 activity is responsible for enhanced LR
in Wip12/2 mice. To directly prove that Wip1 phos-
phatase is able to dephosphorylate mTOR at Ser2448
and Ser2481 sites, we performed in vitro phosphatase
assay using immunoprecipitated phospho-mTOR and
protein lysates from cells transfected with Wip1 cDNA
or vehicle control. Protein lysates with ectopic Wip1
expression dramatically reduced phosphorylation of
mTOR, compared with the controls without ectopic
Wip1 expression. Previous study showed that deletion
of the Wip1 gene resulted in suppression of macrophage
conversion into foam cells in apoE2/2 mice rely on the
ataxia-telangiectasia mutated/mTOR signaling path-
way.41 To exclude the possibility of indirect effect by
Wip1 overexpression, the Wip1 inhibitor was added in
the reaction to specifically block the dephosphorylation
function of Wip1. The results showed that the Wip1
inhibitor completely abolished the reduction of mTOR
phosphorylation induced by ectopic expression, suggest-
ing that Wip1 directly dephosphorylated mTOR.

Because it has been reported that Wip1 deletion
impairs immune function and activates the NF-kB
pathway after lipopolysaccharide treatment,19,22,34 we
could not exclude the possibility that Wip1 deletion
might influence LR through cell-extrinsic mechanisms.
However, we did not observe any increase of NF-kB-
mediated inflammatory response in hepatocytes of
Wip1-deficient mice after PHx. In addition, short-
period treatment of the Wip1 inhibitor did not change
the number and frequency of immune cells in periph-
eral blood or liver of WT mice, but hepatocyte prolif-
eration was dramatically enhanced after PHx. These
data suggest that Wip1 promotes LR primarily though
direct regulation of hepatocyte proliferation.

CCT007093 was reported as a specific inhibitor of
Wip1 in vitro,31 which inhibits the phosphorylation
function of Wip1 without changing the expression of
Wip1 (Supporting Fig. 4B).31,42-44 Our study pro-
vided the first experimental evidence that the Wip1
inhibitor could be used as a potential therapeutic
candidate for promoting LR through the mTORC1
pathway in liver cells. Activation of mTORC1 has
been implicated in numerous types of cancer.45,46

However, inhibition of Wip1 also results in sustained
activation of the p53 pathway, which is a well-
known tumor-suppressor pathway in liver can-
cer.47,48 Indeed, the Wip1 gene has been found to be
amplified and acquire gain-of-function mutation in
numerous primary human tumors,15,17,49,50 and
Wip12/2 mice showed tumor-resistant phenotypes in
several cancer-prone conditions.13,16,51 Therefore,
Wip1 inhibitors31,52 could be beneficial for promot-
ing LR through mTORC1-mediated liver growth,
while keep the cancer cell in check through the acti-
vation of the p53 pathway. Future studies involving
animal models prone to liver carcinogenesis will be
necessary to determine the precise function of Wip1
in maintaining the balance between LR and cancer
risk.
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