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Liver regeneration is a fundamental biological process required for sustaining body homeostasis
and restoring liver function after injury. Emerging evidence demonstrates that cytokines, growth
factors, and multiple signaling pathways contribute to liver regeneration. Mammalian target of
rapamycin complex 2 (mTORC2) regulates cell metabolism, proliferation and survival. The major
substrates for mTORC2 are the AGC family members of kinases, including AKT, SGK, and PKC-a. We
investigated the functional roles of mTORC2 during liver regeneration. Partial hepatectomy (PHx)
was performed in liver-specific Rictor (the pivotal unit of mTORC2 complex) knockout (RictorLKO) and
wild-type (Rictorfl/fl) mice. Rictor-deficient mice were found to be more intolerant to PHx and
displayed higher mortality after PHx. Mechanistically, loss of Rictor resulted in decreased Akt
phosphorylation, leading to a delay in hepatocyte proliferation and lipid droplets formation
along liver regeneration. Overall, these results indicate an essential role of the mTORC2 signaling
pathway during liver regeneration. (Am J Pathol 2020, 190: 817e829; https://doi.org/10.1016/
j.ajpath.2019.12.010)
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The liver is a vital organ and possesses multiple essential
functions for regulating metabolism of other tissues in the
body, including detoxification, decomposition, synthetiza-
tion, digestion, and storage.1,2 Regeneration after injury or
surgical resection is a unique capacity of the liver.3,4 It has
been reported that healthy liver can regenerate back to its full
size from as little as 25% of the original liver mass.5

Consequently, partial hepatectomy (PHx) and liver trans-
plantation are widely performed among patients with various
liver diseases.6 However, clinical scenarios of patients with
liver dysfunction are more complicated, and regeneration
processes in unhealthy livers are simultaneously affected by
other complications. Indications for these procedures tightly
Pathology. Published by Elsevier Inc
depend on liver remnant regeneration potential. Furthermore,
no therapeutic strategies to accelerate liver regeneration
exist.7 Thus, a better understanding of the mechanisms
. All rights reserved.
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whereby liver regeneration occurs would be highly beneficial
for tackling these issues.

Described >80 years ago, the two-thirds PHx remains the
state-of-the-art method for the in-depth analysis of signaling
pathways involved in liver regeneration.8,9 After PHx, the
remaining liver lobes are able to regenerate and completely
replace the missing parenchyma, with consequent morpho-
logic recovery and functional restoration.10 In this process,
hepatocytes replicate first, followed by proliferation of
biliary epithelia cells and sinusoidal endothelial cells.
Meanwhile, newly divided cells undergo restructuring,
angiogenesis, and reformation of extracellular matrix to
structurally recover from PHx.11 Simultaneously, with a
series of intrinsic regulations, liver function recovers to
maintain the body homeostasis. In mice, it takes approxi-
mately 1 week for the liver to fully regenerate after PHx.

Several signaling pathways are involved in liver regen-
eration, including growth factors, cytokines, hormones, and
many transcription factors. Among them, mammalian target
of rapamycin (mTOR) signaling is one of the well-known
pathways to be involved in liver regeneration.12 mTOR
kinases include two distinct protein complexes with specific
binding partners, consisting of regulatory-associated protein
of mTOR (Raptor) in mTOR complex 1 (mTORC1) and
rapamycin-insensitive companion of mTOR (Rictor) in
mTOR complex 2 (mTORC2). mTORC2 regulates Akt,
Sgk, and Pkc (AGC) kinases, which are essential for
organismal development and viability in response to
nutrient availability.13 Akt kinases are considered to be the
major substrates for mTORC2; once activated, mTORC2
phosphorylates Akt kinases at the S473 (for Akt1) or S474
(for Akt2) position, which is required for their activation. In
mammals, there are three Akt isoforms, namely, Akt1, Akt2,
and Akt3. Although Akt1 and Akt2 are expressed in the
liver, Akt3 is predominantly expressed in the brain. Akt2
comprises approximately 85% of total Akt in the liver and is
the major Akt isoform downstream of insulin receptors in
regulating glucose and fatty acid catabolism.14

Mounting evidence indicates the key roles of mTOR
signaling during liver regeneration.12,15 Studies have found
that the phosphatidylinositol 3-kinase (PI3K)/AKT/mTOR
pathway is activated after PHx.16e18 mTOR phosphorylates
S6K1 and is required for the expression of cyclin D1 during
liver regeneration.19 Treatment with rapamycin, an
mTORC1 inhibitor, after PHx leads to decreased hepatocyte
proliferation and increased apoptosis.20,21 In addition, recent
studies have found that ablation of Akt1 or Akt2 alone does
not influence liver regeneration after PHx in mice, whereas
combined loss of Akt1 and Akt2 isoforms leads to impaired
regeneration and increased mortality. Intriguingly, simulta-
neous deletion of FoxO1 in the liver rescued the survival
defects of Akt1 and Akt2 double knockout (KO) mice.22

Altogether, this body of information implies pivotal func-
tion of Akt in liver development and regeneration. However,
because Akt regulates several proteins and signaling cas-
cades, the specific requirement of mTORC2 in this process
818
and whether Akt activation is required during liver regen-
eration remain poorly defined.
To better delineate the role of mTORC2 along liver

regeneration, two-thirds PHx was performed in liver-
specific Rictor KO (RictorLKO) mice and wild-type (WT)
mice. RictorLKO mice were found to be more intolerant to
PHx, having a lower survival rate than WT mice. Moreover,
delayed cell proliferation and lipid droplets formation as
well as cell cycle arrest were observed in RictorLKO mice.
Therefore, our findings highlight the role of mTORC2
signaling in lipid formation and cell proliferation during
liver regeneration.

Materials and Methods

Animals

Albumin-Cre23 and Rictorflox/flox mice24 (all in the C57BL/6
background) were purchased from Jackson Laboratory (Bar
Harbor, ME) and then crossed to generate Albumin-Creþ

Rictorflox/flox (RictorLKO) and Albumin-Cre- Rictorflox/flox mice
(Rictorfl/fl). Mice were sacrificed at 3, 5, and 8 weeks of age for
the liver development study. For the liver regeneration study,
two-thirds PHx was performed in 8-weekeold male mice.
Genotyping was conducted using a Mouse Direct PCR Kit
(catalog number B40015; Bimake, Houston, TX) according to
the standard protocol. The primers used were as follows:
common reverse, 50-CCTGCCAGCCATGGATATAA-30;
mutant forward, 50-GAAGCAGAAGCTTAGGAAGATGG-
30; wild-type forward, 50-GTTGTCCTTCTTTGTGCTGA-30.
Animal experiments were performed according to protocols
approved by the Committee for Animal Research at the Uni-
versity of California, San Francisco (San Francisco, CA).

PHx Model

PHx was performed according to the technique described by
Mitchell and Willenbring.25 In brief, two-thirds of the liver
(consisting of median and left lobes) was removed. The two-
thirds PHx and sham surgery operation were performed
under isoflurane (Sigma-Aldrich, St. Louis, MO) anesthesia.
After PHx, mice were sacrificed at different time points: 1 to
7 days. The sham group was used as internal control. The
regenerated liver was weighed, and the liver/body weight
ratio was calculated. Liver tissues and blood samples were
collected and analyzed as previously described.26

Histologic and Immunohistochemical Analysis

Tissue sampleswerefixedwith 10%neutral buffered formalin
(catalog number 5701; Thermo Fisher Scientific, Waltham,
MA) at 4�C overnight, followed by paraffin embedding.
Tissue blocks were trimmed and cut at a thickness of 5 mm.
Antigen retrieval was conducted by boiling slides for
10 minutes with sodium citrate buffer (pH 6.0). Then the
slides were blocked with the goat serum/ phosphate-buffered
ajp.amjpathol.org - The American Journal of Pathology
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Table 1 Antibody Information for Immunohistochemistry

Antibody Concentration Manufacturer
Catalog
number

Ki-67 1:150 Thermo Fisher
Scientific

RM-9106-S1

Phosphorylated
-histone H3
(Ser10)

1:100 Cell Signaling
Technology

9701

Liver Regeneration Requires mTORC2
saline (PBS) solution (1:20). Endogenous biotin, biotin
receptors, and avidin-binding sites present in tissues were
mocked with the Avidin/Biotin blocking kit (catalog num-
ber SP2001; Vector Laboratories, Burlingame, CA). After
three washing steps in PBS, the tissue sections were then
incubated with designated primary antibodies at 4�C over-
night. The next day, slides were washed in PBS, and then
endogenous peroxidase was blocked by 3% hydrogen
peroxide at room temperature for 10 minutes. Subsequently,
slides were incubated with the biotin conjugated secondary
antibody (1:500; catalog number B2770; Thermo Fisher
Scientific, Waltham, MA) for 30 minutes. The antibody was
used according to the manufacturers and dilution for
immunohistochemical analysis. After washing with PBS,
the immunostaining signals were visualized using the
Vectastain Elite ABC Kit (catalog number PK6100; Vector
Laboratories, Burlingame, CA) and ImmPACT DAB EqV
Peroxidase Substrate (catalog number SK4103; Vector
Laboratories). Ki-67 and phosphorylated histone 3 (PH3)
(Table 1) staining were quantified by using ImageJ software
version 1.8.0 (NIH, Bethesda,MD; http://imagej.nih.gov/ij)
and Image Pro Plus 7 software (Media Cybernetics,
Rockville, MD).
Oil Red O and Periodic Acid-Schiff Staining

Liver tissues were embedded in optimum cutting tempera-
ture compound (Tissue-Tek, Sakura Finetek, Torrance, CA)
and frozen in cold 2-methylbutane at �80�C. Frozen sec-
tions were cut at 5 mm in thickness. Oil Red O (catalog
number KTORO; American MasterTech Scientific Labora-
tory Supplies, Lodi, CA) and periodic acid-Schiff (catalog
number 22110645; Thermo Fisher Scientific) staining was
performed on frozen sections according to the standard
instructions.
Protein Extraction and Western Blot Analysis

Frozen mouse liver tissues were homogenized and lysed by
applying M-PER Mammalian Protein Extraction Reagent
(catalog number 78501; Thermo Fisher Scientific). A Bio-
Rad Protein Assay Kit (Bio-Rad, Hercules, CA) was used to
determine protein concentration according to the protocol of
the manufacturer. Protein lysates (25 mg) were denatured
and separated by SDS-PAGE. Nonspecific proteins on
transferred membranes were blocked with a nonfat dry milk
and tris-buffered saline with Tween 20 solution (1:20) for
1 hour and incubated with specific primary antibodies
(Table 2) at 4�C overnight. After washing in tris-buffered
saline with Tween 20 for 10 minutes three times, anti-
mouse or anti-rabbit horseradish peroxidase secondary
antibody (1:5000) was applied. Protein expression was
detected with Super Signal West Pico Chemiluminescent
Substrate (Pierce Chemical Co., New York, NY).
The American Journal of Pathology - ajp.amjpathol.org
Biochemical Assays

For glucose measurement, blood was collected in test strips
and directly measured in a glucometer (Accu-Chek Active,
Roche Diagnostics, Mannheim, Germany). Other blood
biochemical indicators were sent and analyzed by the
Zuckerberg San Francisco General Hospital Clinical Lab.

Hepatocyte Ploidy Analysis

Primary mouse hepatocytes were isolated using a two-step
collagenase perfusion as previously described.27 Before
perfusion, a single lobe was ligated and collected for his-
tologic analysis. Hepatocytes were separated from non-
parenchymal cells using slow spin centrifugation and passed
through a 70-mm cell strainer before purification through
50% equilibrated Percoll (GE Healthcare Biosciences,
Marlborough, MA). Isolated hepatocytes were resuspended
in Williams E Medium (Gibco, Waltham, MA) supple-
mented with GlutaMAX (Gibco), nonessential amino acids
(Gibco), penicillin-streptomycin (Corning Inc., Corning,
NY), and fetal bovine serum. Hepatocyte ploidy staining
was performed as previously described.28 Briefly, cells in
suspension were stained with 15 mg/mL of Hoechst (catalog
number 33342; Invitrogen, Carlsbad, CA), and 5 mmol/L of
reserpine (Sigma-Aldrich) at 37�C for 30 minutes. After
initial incubation, 5 mg/mL of propidium iodide was added
to the cells and kept in ice. DNA content of labeled live cells
was measured by flow cytometer (LSR II; BD, Franklin
Lakes, NJ). Acquired data were analyzed by FACSDiva
software version 8.0 (BD) and FlowJo software version
10 (BD).

RNA Sequencing and Data Analysis

Experimental design consisted of six groups: WT0D,
WT2D, WT4D, KO0D, KO2D, and KO4D. WT represents
WT Rictorfl/fl liver samples, whereas KO represents liver
samples from RictorLKO mice. Each group had two biolog-
ical replicates. RNA was isolated from liver tissues using
Zymo quick-RNA miniprep kit (catalog number D7001;
Zymo Research, Irvine, CA). RNA was quantified by
nanodrop. RNA quality control was conducted with Bio-
analyzer (Aligent, Santa Clara, CA). Library preparation and
sequencing were performed by Novogene (Sacramento,
CA). Gene read counts were in Ensembl ID and converted
819
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Table 2 Antibody Information Western Blotting

Antibody Concentration Manufacturer Catalog number

Rictor 1:500 Cell Signaling Technology 9476
p-AKT (Ser473) 1:1000 Cell Signaling Technology 3787
Total AKT 1:1000 Cell Signaling Technology 9272
p-FoxO1 (Ser256) 1:1000 Cell Signaling Technology 84192
p-mTOR (Ser2448) 1:1000 Cell Signaling Technology 2971
p-PRAS40 (Thr246) 1:1000 Cell Signaling Technology 2997
Acetyl-CoA carboxylase 1:1000 Cell Signaling Technology 3676
FASN 1:1000 Cell Signaling Technology 3180
p-4E-BP1 (Ser65) 1:1000 Cell Signaling Technology 9451
p-4E-BP1 (Thr37/46) 1:2000 Cell Signaling Technology 2855
4E-BP1 1:2000 Cell Signaling Technology 9644
p-S6 ribosomal protein (Ser235/236) 1:2000 Cell Signaling Technology 4858
p-AMPKa1 (Ser485) 1:1000 Cell Signaling Technology 2537
p-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) 1:1000 Cell Signaling Technology 4370
p44/42 MAPK (Erk1/2) 1:1000 Cell Signaling Technology 9102
PCNA 1:1000 Cell Signaling Technology 2586
Cyclin D antibody 1:1000 Millipore 06-137
GAPDH 1:5000 Millipore MAB374

4E-BP1, eukaryotic translation initiation factor 4E-binding protein 1; AKT, serine/threonine kinase; AMPK, 5'adenosine monophosphateeactivated protein
kinase; FASN, fatty acid synthase; FoxO1, forkhead box protein O1; GAPHD, glyceraldehyde-3-phosphate dehydrogenase; MAPK, mitogen-activated protein kinase;
mTOR, the mammalian target of rapamycin; p-, phosphorylated; PCNA, proliferating cell nuclear antigen; RAS40, the proline-rich Akt substrate of 40 kDa.
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to Entrez ID using the Bioconductor Package Maintainer
org.Mm.eg.db version 3.8.2 (Bioconductor, Buffalo, NY;
https://www.bioconductor.org). Duplicated and unannotated
genes were removed. Data were filtered with counts per
million >0.1 in at least two libraries. Normalized data
were obtained by subtracting WT or KO data of 2D and
4D with 0D data relatively. The Edge R package version
3.28.1 (Bioconductor) was used to normalize data,
calculate fragments per kilogram of exon model per
million reads mapped, draw multidimensional scaling plot,
and conduct KEGG pathway analysis. Heatmap was
generated by Complexheatmap. Other plots was drawn
with ggplot2 (R Foundation for Statistical Computing,
Vienna, Austria).29

Statistical Analysis

Prism software version 6.0 (GraphPad, San Diego, CA) was
applied to analyze the data, which are presented as
means � SD. Comparisons between two groups were per-
formed with the two-tailed unpaired t-test. Survival curves
were compared by the log-rank t-test. P < 0.05 was
considered statistically significant.

Results

Activation of mTORC2 Signaling after PHx in Mice

To investigate the functional contribution of mTORC2
signaling on liver regeneration, two-thirds PHx was per-
formed in 8-weekeold male WT mice (in the C57BL/6
genetic background). Because mTORC2 is responsible for
phosphorylation of Akt at the Ser473 site [p-Akt (S473)],
820
expression levels of mTORC2 signaling were determined by
Western blot analysis for the expression of p-Akt (S473)
during PHx (Figure 1A). The upregulation of p-Akt (S473)
was observed from day 2 after PHx. The relative p-Akt
expression was quantified by calculating the p-Akt (S473) to
total Akt ratio. p-Akt (S473) levels peaked at 2 to 3 days and
returned to the baseline levels at 5 days after PHx
(Figure 1B). An increased expression of phosphorylated
Rps6 (p-Rps6) expression was also observed (Figure 1A).
The expression of phosphorylated Foxo1 (p-Foxo1),
phosphorylated 4E-bp1 (p-4E-bp1), phosphorylated Ampk
(p-Ampk), and phosphorylated Erk (p-Erk) did not signifi-
cantly change during PHx (Figure 1A). Altogether, these
results indicate the activation of mTORC2 signaling along
liver regeneration after PHx.

mTORC2 Deficiency in the Liver Does Not Affect Liver
Development or Hepatocyte Polyploidy

Because Rictor is the unique component of mTORC2
complex,13 the function of mTORC2 can be abolished by
the deletion of Rictor. By crossing Albumin-Cre mice with
Rictorfl/fl mice (all in the C57BL/6 background), RictorLKO

mice were generated. Before subsequent experiments, gen-
otyping was performed to validate depletion of Rictor in
these mice (Supplemental Figure S1A). The detailed meta-
bolic phenotype of RictorLKO mice has been previously
described; specifically, it has been reported that loss of
mTORC2 in the liver results in impaired glycolysis and
lipogenesis on insulin stimulation or feeding, whereas
otherwise these mice are rather healthy.30e32 Similar to
previous reports,30,31 RictorLKO mice were born at Mende-
lian ratio and developed normally. At 3 weeks of age, the
ajp.amjpathol.org - The American Journal of Pathology
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Figure 1 Liver mammalian target of rapamycin (mTOR) complex 2
pathway is activated after partial hepatectomy. A: Western blot analysis of
indicated proteins in livers lysates from wild-type mice before (0 days) and
after partial hepatectomy (PHx) (2 to 7 days). B: The densitometry analysis
of the ratio of p-Akt (S473) to t-Akt is shown in wild-type mice before and
after PHx. *P < 0.05. p-, phosphorylated; t-, total.

Figure 2 Liver-specific deletion of Rictor increases mouse mortality
after partial hepatectomy (PHx). A: Survival curves from Rictor wild-type
(Rictorfl/fl) and Rictor knockout (RictorLKO) mice after PHx. B: Liver
weight and liver/body ratio of Rictorfl/fl and RictorLKO mice before and 7
days after PHx. C: Liver weight and liver/body ratio of Rictorfl/fl and
RictorLKO mice at 0 to 7 days after PHx. n Z 31 Rictorfl/fl mice (A); n Z
36 RictorLKO mice (A); n Z 6 Rictorfl/fl mice (B); n Z 5 RictorLKO (B);
n Z 3 Rictorfl/fl mice (C); n Z 4 RictorLKO mice (C). *P < 0.05,
**P < 0.01, and ***P < 0.001 versus RictorLKO(Kaplan-Meier log
rank test).

Liver Regeneration Requires mTORC2
liver was similar in all aspects in Rictorfl/fl mice and Ric-
torLKO mice (Supplemental Figure S1, BeE). However,
ablation of Rictor in the mouse liver resulted in a slight
decrease in liver weight as well as liver weight to body
weight ratio in 5-weekeold mice (Supplemental Figure S2).
Histologically, a significant reduction of hepatocyte area
was observed in RictorLKO mice (Supplemental Figure S2).
However, there was no significant difference in Ki-
67epositive cells in liver tissues from WT Rictorfl/fl mice
and RictorLKO littermates (Supplemental Figures S2). These
phenotypes were also preserved in 8-weekeold adult mice
(Supplemental Figure S3). Meanwhile, no spontaneous he-
patic apoptosis, necroptosis, or necrosis was observed in the
liver tissues from Rictorfl/fl mice and RictorLKO mice
(Supplemental Figures S3). The phenotypes observed here
were similar to those that have been reported previously.30

The decreased hepatocyte area was due to the decreased
glycogen and triglyceride storage in the RictorLKO liver.
The American Journal of Pathology - ajp.amjpathol.org 821
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Figure 3 Histologic analysis of mouse livers in response to partial hepatectomy. Representative hematoxylin and eosinestained sections of livers isolated
from Rictor wild-type (Rictorfl/fl) and Rictor knockout (RictorLKO) mice before (0 days) and after partial hepatectomy (1 to 7 days). Boxed areas are shown at
higher magnification in the insets. Original magnification: � 100 (main images); �370 (insets). Scale bars Z 200 mm.

Xu et al
Indeed, in fasting state, there was no difference in liver
weight and liver/body ratio between Rictorfl/fl and RictorLKO

mice (Supplemental Figures S4).
Hepatocytes are reported to be highly polyploid, which

might influence how they function. Hepatocyte ploidies
were analyzed using primary hepatocytes isolated from
Rictorfl/fl mice and RictorLKO mice. The hepatocytes from
the two cohorts of mice demonstrated similar ploidies
(Supplemental Figure S5). In summary, these results are
consistent with previous reports that mTORC2 is dispens-
able for normal liver development32 and loss of mTORC2
does not affect liver homeostasis or hepatocyte ploidies.

mTORC2 Is Required for Liver Regeneration

Liver-specific Akt1/2 KO in mice has been reported to impair
liver regeneration and increase mortality after PHx.22 We hy-
pothesized that loss of mTORC2, which resulted in the
impairment of Akt activities, would recapitulate these pheno-
types after PHx. To test this hypothesis, PHxwas performed in
Rictorfl/fl andRictorLKOmice.Rictor-deficientmicewere found
to be more intolerant to PHx and exhibited decreased survival
822
probability compared with their WT littermates (Figure 2A).
SeveralRictorLKOmice died fromday 1 to day 4 after PHx, and
the remaining mice survived (Figure 2A). After 7 days of re-
covery, the liver weight/body weight ratio showed no differ-
ence in the twomouse cohorts before and after PHx, suggesting
that all surviving mice were able to fully recover in terms of
liver regeneration (Figure 2B). Although the liver/bodyweight
ratio was similar in Rictorfl/fl and RictorLKOmice at 1 day after
PHx, liver/body weight ratio recovered at a slower pace in
RictorLKO mice when compared with their WT littermates
(Figure 2C). Grossly, the enlargement in liver mass was
evident during liver regeneration from day 0 to day 7 after PHx
(Supplemental Figures S6eS13). Histologically, comparisons
between two groupswere conducted by hematoxylin and eosin
staining (Figure 3 and Supplemental Figures S6eS13). In-
flammatory responses could be observed in both groups at day
1 to day 3 after PHx. Increased vacuolization areas accumu-
lated at day 2 and day 3 in Rictorfl/fl mice compared with
RictorLKO mice (Figure 3 and Supplemental Figures S8
and S9).
Subsequently, a series of serum biochemical markers

were analyzed to evaluate liver functions among Rictorfl/fl
ajp.amjpathol.org - The American Journal of Pathology
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Figure 4 Rictor deficiency in mouse liver does not significantly affect serum biochemical markers during liver regeneration. Blood glucose (A), serum
alanine transaminase (ALT) (B), aspartate transaminase (AST) (C), alkaline phosphatase (ALP) (D), albumin (E), total protein (TP) (F), direct bilirubin (DBil)
(G), and total bilirubin (TBil) (H) levels are shown. *P < 0.05, **P < 0.01 Rictorfl/fl versus RictorLKO at the same time point.

Liver Regeneration Requires mTORC2
and RictorLKO mice after PHx. No remarkable change of
blood glucose levels during liver regeneration from day
0 to day 7 after PHx was detected (Figure 4A). Liver
injuryerelated serum markers, such as alanine transaminase,
aspartate transaminase, and alkaline phosphatase, markedly
increased at day 1 after PHx and subsequently returned to
normal, with no significant difference between the two
groups of mice at each time point (Figure 4, BeD).
Furthermore, no remarkable change of albumin and total
protein levels was detected during liver regeneration
(Figure 4, E and F). Interestingly, serum levels of direct
bilirubin and total bilirubin peaked at day 1 after PHx in
Rictorfl/fl mice, whereas serum levels of direct bilirubin and
total bilirubin peaked at day 2 after PHx in RictorLKO mice
(Figure 4, G and H), consistent with a delayed regeneration
in RictorLKO mice. In summary, the present results indicated
that loss of mTORC2 delays liver regeneration after PHx.
The overall phenotype is similar to that observed in liver-
specific Akt1/2 KO mice.
mTORC2 Deficiency Delays Hepatocyte Proliferation
and Lipid Biosynthesis

To elucidate the potential mechanisms responsible for the
observed events, the hepatocyte proliferation rate was studied
after PHx between Rictorfl/fl and RictorLKO mice by immu-
nohistochemical staining of Ki-67 and PH3, two markers of
proliferation. The percentage of Ki-67epositive cells mark-
edly increased at day 1 and day 2 after PHx in Rictorfl/fl mice
and decreased from day 3 after PHx. In contrast, the per-
centage of Ki-67epositive cells slightly increased to reach a
peak at day 3 and then slowly decreased until day 7 after PHx
in RictorLKO mice (Figure 5, A and B, and Supplemental
Figures S6eS13). A similar trend was also observed in
The American Journal of Pathology - ajp.amjpathol.org
terms of the percentage of PH3-positive cells, showing that
proliferative cells burst out during the first 2 days after PHx
and markedly decreased in Rictorfl/fl mice, while the cells
maintained a slow but relatively moderate level in RictorLKO

mice (Figure 5C and Supplemental Figures S6eS13).
Consistent with the delayed peaks of proliferation markers,
delay in the lipid accumulation was also found in RictorLKO

mice after PHx (Figure 6). Taken together, these results
indicate that mTORC2 affects cell proliferation and lipid
formation during liver regeneration.
mTORC2 Modulates Liver Regeneration via Regulation
of Cell Cycle and Lipid Accumulation

Next, the molecular differences between Rictorfl/fl and Ric-
torLKO mice were studied after PHx. The major signaling
cascades involved in liver regeneration were investigated at
the baseline and 1 day, 2 days, and 4 days after PHx using
Western blotting analysis (Figure 7).

Because Akt is a major substrate of mTORC2, deletion of
Rictor was accompanied by down-regulation of p-Akt
(S473). Moreover, levels of p-Foxo1, p-Rps6, p-4E-
bp1(S65), and p-4E-bp1 (T37/46) were also lower in Ric-
torLKO mice at the baseline level (Figure 7A). Genes
involved in hepatocyte proliferation (Ccnd1 and Pcna) and
lipogenesis (Fasn, Acc and p-Ampk) were expressed at
similar levels in Rictorfl/fl and RictorLKO mice (Figure 7A).

At day 1 after PHx (Figure 7B), expression of p-Akt
(S473) markedly increased in Rictorfl/fl mice, whereas it
remained at low levels in RictorLKO mice. However,
expression of p-Rps6, p-4E-bp1(S65), and p-4E-bp1 (T37/
46) was similar in the two cohorts of mice. Unexpectedly, p-
FoxO1 was upregulated in RictorLKO mice when compared
with Rictorfl/fl mice. Although the expression of hepatocyte
823
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Figure 5 Delayed cell proliferation characterizes
Rictor-deficient regenerative livers. A: Representative
Ki-67 staining images in Rictor wild-type (Rictorfl/fl)
and Rictor knockout (RictorLKO) mice livers 0 day (0d),
2 days (2d), and4 days (4d) after partial hepatectomy
(PHx).B:Quantification of positive Ki-67 nuclei/total
nuclei at different time points in Rictorfl/fl and
RictorLKO mice livers before and after PHx. C: Quanti-
fication of positive phosphorylated histone 3 (PH3)
nuclei/total nuclei at different timepoints inRictorfl/fl

and RictorLKO mice before and after PHx. *P < 0.05,
**P< 0.01 Rictor

fl/fl

versus RictorLKO at the same time
point. Original magnification, �200. Scale
barsZ 100 mm.

Xu et al
proliferation genes, Ccnd1 and Pcna, was similar in these
mice, the expression of lipogenic pathway genes, including
Fasn and Acc, was slightly lower in RictorLKO mice at this
time point. At day 2 after PHx (Figure 7C), expression of
p-Akt (S473) remained at low levels in RictorLKO mice.
Figure 6 Liver-specific
hepatectomy (PHx). A: Rep
before [0 days (0d)] and a
staining area at different
knockout (RictorLKO) mice l
the same time point. Origi
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Expression of p-Rps6, p-4E-bp1(S65), p-4E-bp1 (T37/46),
and p-Foxo1, as well as Ccnd1 and Pcna, was similar to
what have been observed in day 1 among Rictorfl/fl mice and
RictorLKO mice. This finding coincided with the delay in
lipid droplet accumulation during PHx in RictorLKO mice at
Rictor deletion delays lipid droplet formation in mice after partial
resentative Oil Red O staining images in liver sections from mice
fter PHx [1 (1d) to 7 days (7d)]. B: Quantification of Oil Red O
time points after PHx in Rictor wild-type (Rictorfl/fl) and Rictor
iver sections. *P < 0.05, **P < 0.01 Rictorfl/fl versus RictorLKO at
nal magnification, �200. Scale bars Z 100 mm.
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Figure 7 Delayed expression of Ccnd1 and Pcna in Rictor-deficient regenerative livers. AeD: Western blot analysis of indicated proteins in livers lysates
from Rictor wild-type (Rictorfl/fl) and Rictor knockout (RictorLKO) mice 0 day (A), 1 day (B), 2 days (C), and 4 days (D) after partial hepatectomy. E and F:
Western blot analysis of indicated proteins at different time points in Rictorfl/fl and RictorLKO mouse livers before and after PHx. G and H: Densitometry analysis
of hepatic Ccnd1 (G) and Pcna (H) expression at different time points in Rictorfl/fl and RictorLKO mice livers before and after PHx. *P < 0.05 Rictorfl/fl versus
RictorLKO at the same time point.

Liver Regeneration Requires mTORC2
this time point. At 4 days after PHx (Figure 7D), a recovery
of Fasn and Acc1 levels was seen in RictorLKO mice.
Intriguingly, the expression of Ccnd1 and Pcna was higher
in RictorLKO mice than that detected in Rictorfl/fl mice.

Because delayed yet sustained hepatocyte proliferation was
a major cellular phenotype in RictorLKO mice after PHx
(Figure 5), the detailed time course analysis ofCcnd1 andPcna
expressionwas performed inRictorfl/fl andRictorLKOmice after
PHx (Figure 7, E and F).Ccnd1was expressed at higher levels
inRictorfl/flmice than inRictorLKOmice at 2 days after PHx. In
addition, although Ccnd1 and Pcna levels returned to the
baseline levels at 5 days PHx in Rictorfl/fl mice, they remained
higher inRictorLKOmice (Figure 7, G andH). Thus, the present
findings imply a critical regulatory function of mTORC2 on
hepatocyte proliferation during liver regeneration.

Global RNA Sequencing Confirms the Role of mTORC2
Signaling in Regulating Cell Proliferation and
Metabolism during Liver Regeneration

To further investigate the pathways regulated by mTORC2
during liver regeneration after PHx, RNA sequencing
The American Journal of Pathology - ajp.amjpathol.org
analysis of liver tissues was performed from Rictorfllfl and
RictorLKO mice at 0 day (baseline), 2 days, and 4 days after
PHx. Multidimensional scaling plot revealed relatively
closer gene expression patterns of Rictorfllfl and RictorLKO

mouse liver at day 0. PHx promoted significant gene
expression changes in the liver. It is clear, however, that the
global gene expression patterns at day 4 are closer to day
0 in Rictorfllfl mice but not in RictorLKO mice (Figure 8A).
These results provide unbiased evidence that liver tissues
are returning to their baseline state at day 4 in Rictorfllfl mice
but not in RictorLKO mice. Because the delayed cell cycle
progression is a major phenotype observed in RictorLKO

mice, the major cell cycle regulators, including Ccnd1,
Ccne1, Cdk4, Mdm2, and p27, were analyzed based on the
RNA sequencing data. Ccnd1, Ccne1, Cdk4, and Mdm2
were expressed at high levels at day 2 in Rictorfl/fl mice, and
their expression levels were lower at day 4 after PHx than
those seen in day 2 after PHx. In contrast, in RictorLKO

mice, these genes remained at higher levels at day 4 after
PHx (Figure 8, BeE). The expression of Cdkn1d or p27, a
cell cycle inhibitor, was significantly downregulated at day
2 after PHx, and it returned to the level close to the baseline
825
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Figure 8 RNA sequencing results show mammalian target of rapamycin (mTOR) complex 2 signaling regulating cell proliferation and metabolism. A:
Multidimensional scaling plot of the global gene expression patterns of 0 day (0D), 2 days (2D), and 4 days (4D) after partial hepatectomy (PHx) in Rictor wild-
type (Rictorfl/fl) and Rictor knockout (RictorLKO) mice. BeF: Normalized fragments per kilogram of exon model per million reads mapped (FPKM) of indicated
gene (Ccnd1, Ccne1, Cdk4, Mdm2, and Ckdn1b) expression at 0d, 2d, and 4d after PHx in Rictorfl/fl and RictorLKO mice. Dotted line indicates normalized FPKM
value equals to 0. G: Graphical abstract for the study.
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at day 4 after PHx in Rictorfl/fl mice. In RictorLKO mice, p27
expression remained at a low level at day 4 after PHx
(Figure 8F). In addition, KEGG pathway analysis was per-
formed for genes differently expressed on day 0, day 2, or
day 4 in Rictorfllfl and RictorLKO mouse liver tissues. Mul-
tiple pathways were found to be deregulated when
mTORC2 was deleted at baseline levels as well as during
liver regeneration after PHx (Supplemental Figures
S14eS16). Overall, the RNA sequencing studies provide
unbiased evidence and confirm that the loss of mTORC2
leads to a delayed liver regeneration after PHx.
Discussion

With increased understanding of the biological mechanisms
underlying liver regeneration, the clinical practice for curing
liver diseases has improved enormously during the past
decades. However, there are still challenges for more
aggressive surgical resections in the setting of malignancy
due to predamaged liver functions and improper regenera-
tive processes. Thus, liver transplantation is the last choice
for surgical treatment in addition to palliative treatments.33

A successful liver transplantation calls for providing an
826
adequately sized, functioning graft for the recipient as well
as maintaining a high safety profile for the donor. Compli-
cations, such as small transplantation and recipients’ liver
failure, still happen frequently.34 The trade-off between
removal and retention remains the major challenge for sur-
geons. Thus, a better understanding of liver regeneration
may shed light on clinical treatment strategies and avail-
ability of high-quality transplantable organs.
Numerous complex and interconnected signaling path-

ways have been uncovered to be involved in liver regen-
eration.35 mTOR signaling has been validated to be essential
for regulating organismal growth, development, prolifera-
tion, and viability in response to nutrient availability.36 The
mTOR kinase is considered to be a master regulator of
growth that functions in two distinct complexes: mTORC1
(defined by the Raptor subunit) and mTORC2 (defined by
the Rictor subunit).36 Although much is known about the
inputs, outputs, and regulatory features of mTORC1,
mTORC2 regulation and function remain poorly under-
stood. In the present study, we investigated the functional
role of mTORC2 during liver regeneration after PHx using
RictorLKO mice. The results show that mTORC2 signaling is
activated after PHx (Figure 1) and liver-specific deletion of
Rictor causes significant early-stage mortality after PHx
ajp.amjpathol.org - The American Journal of Pathology
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(Figure 2A). The data obtained in this study are similar to
those observed in liver-specific Akt1/Akt2 double KO mice.
Indeed, approximately 40% of Akt1/Akt2 KO mice did not
survive after the PHx.22 These findings are consistent with
the fact that Akt kinases are considered to be the major
substrates of mTORC2. Previous studies have found that
Pi3k and Pdk1 pathways are required for liver regenera-
tion.17,37 Our data therefore add additional evidence to
support the major role of the PI3k/Akt signaling cascade
during this important physiologic process.

Mechanistically, we discovered that mTORC2 regulates
hepatocyte proliferation and lipid accumulation after PHx,
which is reflected by the delayed peak of Ki-67 and PH3
immunostaining as well as Oil Red O staining in RictorLKO

mice. Consistently, at the biochemical levels, we found that
the lipogenic pathway genes Fasn and Acc are expressed at
lower levels at 2 days after PHx and higher expression of the
cell proliferation genes Ccnd1 and Pcna in RictorLKO mice
is seen at 4 days after PHx (Figure 8G). We compared our
data with that reported in Akt1/2 double KO mice by Pauta
et al,22 who found that WT mice exhibit significant lipid
droplet accumulation at 2 to 4 days after PHx. The obser-
vation is consistent with our results. In contrast, Akt1/2
double KO mice failed to accumulate lipid droplets after
PHx. This phenotype is different from that of RictorLKO

mice. In RictorLKO mice, lipid droplet accumulation was
delayed but not abolished. Of note, either deletion of Akt1/2
or ablation of mTORC2 was found to cause early-stage
mortality after PHx. Our PHx surgery was performed by
one expert researcher (H.W.), thus ruling out the possibility
that the early mortality observed in RictorLKO mice was due
to a surgical technique issue. The precise mechanisms
leading to the higher mortality in RictorLKO mice or liver-
specific Akt1/2 double KO mice remain to be determined.
It was previously reported that there was severe hypogly-
cemia 12 hours after PHx in Akt1/2 KO mice, suggesting
that this metabolic defect might be the major cause of the
early death during PHx in these mice.22 The blood glucose
levels in control and RictorLKO mice was analyzed at 24
hours after PHx, and the two cohorts of mice demonstrated
the similar blood glucose levels (Figure 4A). Notably, the
blood was collected from the surviving mice, and the pos-
sibility that those dead mice might have hypoglycemia
cannot be ruled out. Clearly, additional studies are required
to further investigate this issue. Regarding the hepatocyte
proliferation, Pauta et al22 found that in WT mice, hepato-
cyte proliferation peaked at 2 days after PHx, decreased at 4
days, and returned to the baseline levels at 6 days. In Akt1/2
double KO mice, hepatocyte proliferation was lower
throughout the time after PHx. Intriguingly, RictorLKO mice
had delayed but more sustained hepatocyte proliferation
after PHx. Overall, the molecular phenotypes are milder in
RictorLKO mice than those seen in Akt1/2 double KO mice.
The data are consistent with the finding that Akt1/2 kinase
activities are regulated by multiple factors, and mTORC2 is
one of the major complexes in this regulatory network.38
The American Journal of Pathology - ajp.amjpathol.org
Loss of mTORC2 significantly decreased Akt1/2 activity,
presumably without abolishing it. In addition, male mice
were used in these studies for a better head to head com-
parison with studies by Pauta et al22 between roles of Akt1/2
and mTORC2 during liver regeneration. Although we do
not expect sex difference in terms of mTORC2 regulation of
liver regeneration, expanded studies with both male and
female mice will be of great help to further substantiate our
findings.

Using RNA sequencing analysis, we identified pathways
that are differentially expressed in Rictorfl/fl and RictorLKO

mouse liver tissues at baseline levels (Supplemental
Figure S14) as well as during regeneration (Supplemental
Figures S15 and S16). As expected, metabolic regulating
pathways, such as PI3K-Akt signaling pathways and
galactose metabolism pathways, were downregulated in
RictorLKO mice at the baseline levels (Supplemental
Figure S14). At day 2 after PHx, immunoregulatory
signaling cascades, including Th17, Th1, and Th2 cell dif-
ferentiation signaling and T-cell receptor signaling, were
also significantly impaired in RictorLKO mice, indicating
immunosuppression during liver regeneration in the condi-
tion of mTORC2 deficiency (Supplemental Figure S15). At
day 4 after PHx, transforming growth factor-b signaling
pathway as well as signals in regulating mitophagy and
autophagy were identified to be down-regulated in Ric-
torLKO mice, suggesting a potential cell proliferation brake
occurring in WT mice for preventing liver overgrowth
(Supplemental Figure S16). Furthermore, multiple meta-
bolic cascades, especially fatty acid metabolic pathways,
were deregulated in RictorLKO mice at this time point. The
data are consistent with the key roles of these metabolic
events during liver regeneration. Hippo cascade is a major
signal that regulates organ size and hepatocyte prolifera-
tion.39 Yap1, Wwtr1, and Tead1, all key transcriptional
factors downstream of Hippo kinases, were induced at
higher levels in WT mice than those in RictorLKO mice,
especially at day 2 after PHx (Supplemental Figure S17).
The result suggests that mTORC2 may function to regulate
liver regeneration via Hippo cascade. Clearly, additional
functional studies are required to further analyze the
contribution of these pathways during liver regeneration.

Our investigation uncovers the role of mTORC2 in
regulating hepatocyte proliferation and lipid metabolism.
mTORC2/Akt cascade regulates multiple downstream
signaling pathways, including Tsc/mTORC1 and
FoxOs.38,40 Tsc/mTORC1 in turns regulates p70S6k/Rps6
and 4E-bp1/Eif4e signaling pathways, which regulate lipo-
genesis and protein translation, respectively.41 FoxO family
members are transcriptional factors, which regulate cell
proliferation, metabolism, and apoptosis. FoxO1 is consid-
ered to be the major FoxO isoform in the liver.42 In Akt1//2
double KO mice, it was found that concomitant ablation of
FoxO1 rescued the liver regeneration deficiency. The results
suggest that FoxO1 may be the major molecule downstream
of Akt during liver regeneration. However, the functional
827
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contribution of Tsc/mTORC1 in liver regeneration down-
stream of Akt has not been determined. It would be of high
importance to further investigate these two pathways in liver
regeneration, hepatocyte proliferation, and lipogenesis
downstream of mTORC2. The hypothesis should be tested
by generating liver-specific Tsc1/Rictor KO mice (to allow
the activation of mTORC1 in the absence of mTORC2) or
liver specific Foxo1/Rictor double KO mice (to simulta-
neously delete Foxo1 and mTORC2). The mice could be
subjected to PHx, and the hepatocyte proliferation and
lipogenesis after PHx could be evaluated. These studies
would provide important information about the biochemical
crosstalk among these pathways in PHx.

At the translational level, together with the studies by
Pauta et al,22 we demonstrate that mTORC2/AKT cascade is
a major signaling pathway in modulating liver regeneration
after PHx. This study suggests that strategies that maintain
or increase the mTORC2/AKT pathway may be useful to
accelerate liver regeneration. On the other hand, mTORC2
inhibitors or AKT inhibitors may lead to delayed liver
regeneration in humans. Therefore, a critical consideration
and well evaluation of liver function shall be applied before
hepatectomy and mTORC2 inhibitor administration.
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