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Cholestatic liver injury may lead to a series of hepatobiliary syndromes, which can progress to cirrhosis
and impaired liver regeneration, eventually resulting in liver-related death. Mammalian target of
rapamycin complex 2 (mTORC2) is a major regulator of liver metabolism and tumor development.
However, the role of mTORC2 signaling in cholestatic liver injury has not been characterized to date. In
this study, we generated liver-specific Rictor knockout mice to block the mTORC2 signaling pathway.
Mice were treated with 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC) to induce cholestatic liver
injury. DDC feeding induced cholestatic liver injury and ductular reaction as well as activation of the
mTORC2/Akt signaling pathway in wild-type mice. Loss of mTORC2 led to significantly decreased oval
cell expansion after DDC feeding. Mechanistically, this phenotype was independent of mTORC1/fatty
acid synthase cascade (Fasn) or yes-associated protein (Yap) signaling. Notch pathway was instead
strongly inhibited during DDC-induced cholestatic liver injury in liver-specific Rictor knockout mice.
Furthermore, mTORC2 deficiency in adult hepatocytes did not inhibit ductular reaction in this chole-
static live injury mouse model. Our results indicated that mTORC2 signaling effectively regulates liver
regeneration by inducing oval cell proliferation. Liver progenitor cells or bile duct cells, rather than
mature hepatocytes, would be the major source of ductular reaction in DDC-induced cholestatic liver
injury. (Am J Pathol 2020, 190: 1414—1426; https://doi.org/10.1016/j.ajpath.2020.03.010)

Cholestatic liver disease is a serious hepatic illness resulting
from impaired bile secretion by hepatocytes or intrahepatic/
extrahepatic bile duct obstruction. In this disease, although
the liver has a good capacity to repair, injuries to bile ducts
or hepatocytes may also lead to a wide spectrum of adverse
consequences, ranging from hepatic inflammation to fibro-
genesis with progression to cirrhosis and hepatobiliary
cancer.

The pathogenesis of cholestatic liver injury is complex and
not fully elucidated. In the past 25 years, multiple animal
models have been established to understand the mechanisms

and seek new treatment strategies for this disease.” Among
them, the 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC)—
feeding mouse is a well-established model of cholestatic liver
injury. Specifically, DDC feeding leads to increased biliary
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porphyrin secretion and subsequently induces sclerosing
cholangitis. A previous study showed that DDC feeding in-
creases profibrotic and proinflammatory cytokine expression
and activates periductal myofibroblasts around bile ducts.” In
addition, Fickert et al’ reported that DDC treatment in mice
leads to the generation of intraductal pigment plugs and intense
pericholangitis, as well as segmental bile duct obstruction.
More important, the DDC-induced cholangiopathy is accom-
panied by ductular reaction and oval cell expansion. Thus,
chronic DDC feeding in mice has been used as an ideal model
for the study of oval cell-mediated liver regeneration.” How-
ever, the molecular mechanisms of biliary repair and how
cholestatic disease progresses are still poorly understood.

It is well known that the mammalian target of rapamycin
(mTOR) signaling pathway plays a significant role in liver
injury and regeneration.”® mTOR belongs to the phospha-
tidylinositol 3-kinase—related kinase family of protein
kinases and serves as a core component of two distinct
protein complexes, mMTORC1 and mTORC2, which phos-
phorylate a different set of substrates to regulate many
fundamental cell processes. mMTORCI is composed of three
core components (mTOR, Raptor, and mlSTS), and it plays
a central role in regulating protein synthesis, nucleotide
biosynthesis, lipogenesis, glycolysis, and autophagy. There
are two major cascades downstream of mTORCI: eukary-
otic translation initiation factor 4E-binding protein 1
(4EBP1)/eukaryotic translation initiation factor 4E cascade,
which regulates protein synthesis; and p70S6K/RPS6
cascade, which in turn regulates SREBP1 and fatty acid
synthase (FASN) and the related de novo lipogenesis.’
Instead of Raptor, rapamycin-insensitive companion of
mTOR (Rictor) is the core protein of mTORC2, and
ablation of Rictor has been demonstrated to block mTORC2
signaling pathway.'”'" Through phosphorylating and
activating several AGC subfamily kinases, including AKT,
serum and glucocorticoid induced kinase (SGK), and pro-
tein kinase C, mTORC?2 controls the survival and growth by
regulating cell proliferation, metabolism, and the activities
of the cytoskeleton.'” Among all these molecules, AKT
kinases have been considered the major substrate of
mTORC2."” In a previous study, it was shown that phos-
phorylated (p)-AKT could be detected in samples of human
primary biliary cirrhosis,'* a major type of chronic chole-
static liver disease. The results suggest the activation of
mTORC?2 in this pathologic condition in humans. However,
the role of mMTORC?2 signaling in development of cholestatic
liver injury and liver regeneration has not been investigated
to date.

In this article, we report the generation of a mouse model
with liver-specific mMTORC2 knockout obtained by deletion
of Rictor in the mouse liver. In these mice, we evaluated
DDC-induced liver injury and oval cell expansion. The
results demonstrate that loss of mTORC2 inhibits
hepatic progenitor cell— or bile duct cell—-mediated, but not
mature hepatocyte-dependent, oval cell expansion by regu-
lating the Akt function. Mechanistically, we found that
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mTORC2-modulated oval cell expansion is independent of
the Rps6/Fasn cascade, while presumably being mediated
by the Notch signaling pathway. Altogether, our data pro-
vide novel insights into the role of mTORC?2 in regulating
liver regeneration during chronic liver injury.

Materials and Methods

Reagents

Adeno-associated virus encoding Cre-recombinase under
the control of hepatocyte-specific thyroxine-binding glob-
ulin promoter (AAV-TBG-Cre) and AAV-TBG-Null virus
were obtained from the University of Pennsylvania Gene
Therapy Core Services (Philadelphia, PA). The 0.1% DDC-
supplemented diet was produced by Research Diets (New
Brunswick, NJ). Rapamycin (LC Laboratories, Woburn,
MA) was dissolved in 100% ethanol to make 50 mg/mL
rapamycin stock, then mixed with 10% PEG400 and 10%
Tween 80 to make 1 mg/mL working solution.

Animals and Treatments

FVB/N mice, Albumin-Cre transgenic mice,"” and Rictor™
mice'® (all in the C57BL/6 background) were obtained from
Jackson Laboratory (Bar Harbor, ME). Fasn™ mice'” (in
the C57BL/6 background) were kindly provided by Dr.
Clay F. Semenkovich (Washington University, St. Louis,
MO). Rictor™ mice and Fasn™ mice were crossed with
Albumin-Cre to generate liver-specific Rictor knockout mice
(Rictor %) and liver-specific Fasn knockout mice
(Fasn™ © mice), respectively. Genotyping was conducted
using the Mouse Direct PCR Kit (catalog number B40015;
Bimake, Houston, TX), according to the standard protocol.
To deplete the Rictor gene specifically in adult mouse
hepatocytes, Ricto™" mice (aged 6 weeks) were infected
with 4 x 10" genome copies AAV-TBG-Cre vectors by tail
vein injection and aged for 3 weeks to allow the complete
deletion of the gene in adult hepatocytes. An AAV-TBG-
Null vector was used as the control. Both male and female
mice were used in the study.

DDC treatment in mice was performed as described in
previous studies.'® In brief, 6- to 9-week—old mice were fed
a 0.1% DDC-supplemented diet for 3 weeks. Standard diet
and age- and sex-matched mice were used as controls. An
additional group of mice was fed a 0.1% DDC-
supplemented diet for 3 weeks, followed by 3 weeks of
recovery with standard chow diet. To block the mTORCl1
pathway, rapamycin was intraperitoneally injected in a dose
of 6 mg/kg per day for 6 days a week and subjected to DDC
diet for 3 weeks in wild-type mice. Mice were injected
intraperitoneally with the vehicle (PEG400 and Tween 80)
as controls. After 3 weeks of feeding, mice were euthanized.
Liver weight was recorded, and the liver/body weight ratio
was calculated. Blood samples and liver tissues were
collected. Animal experiments were performed according to
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protocols approved by the Committee for Animal Research
at the University of California, San Francisco (San
Francisco, CA).

Biochemical Assays

The serum alanine/aspartate aminotransferase, alkaline
phosphatase, total bilirubin/direct bilirubin, and albumin
levels were assayed by the Clinical Laboratory of the Zuck-
erberg San Francisco General Hospital (San Francisco, CA).

Histology and Immunohistochemistry

Liver samples were fixed overnight in 10% neutral-buffered
formalin (Thermo Fisher Scientific, Waltham, MA),
embedded in paraffin, cut into sections (5 pum thick), and
collected on glass slides. The sections were stained with
hematoxylin and eosin, using standard procedures. For
immunohistochemistry, liver sections were processed for
antigen retrieval in 10 mmol/L sodium citrate buffer
(microwaved, 10 minutes) after deparaffinization and rehy-
dration. Subsequently, slides were permeabilized with
1 x phosphate-buffered saline, then blocked with 5% goat
serum, followed by incubation with primary antibodies
overnight at 4°C. The anti—cytokeratin 19 (CK19; 52625;
Abcam, Cambridge, UK), anti-sex determining region Y
box 9 (Sox9; 82630; Cell Signaling Technology, Danvers,
MA), anti—a-smooth muscle actin (¢-SMA; MO0851; Agi-
lent, Santa Clara, CA), anti-vimentin (5741; Cell Signaling
Technology), anti—Ki-67 (MAS5-14520; Thermo Fisher
Scientific), anti-F4/80 (14-4801-82; eBioscience, San
Diego, CA), and anti-YAP (4912; Cell Signaling Technol-
ogy) antibodies were used. Endogenous peroxidase activity
was blocked by 20 minutes of incubation of the slides in 3%
H,0,. Subsequently, slides were incubated with the biotin-
conjugated secondary antibody (B2770; Thermo Fisher
Scientific) for 1 hour at room temperature. Finally, the
immunoreactivity was visualized using the Vectastain Elite
ABC Kit (Vector Laboratories, Burlingame, CA) and dia-
minobenzidine substrates (Dako North America, Carpin-
teria, CA). Slides were counterstained with Mayer’s
hematoxylin. Images were taken using a bright-field mi-
croscope connected to a digital color camera (Leica, San
Francisco, CA; model DFC295). The quantification was
performed using the Image]J version 1.46r (NIH, Bethesda,
MD; http://imagej.nih.gov/ij) and Image Pro Plus software
version 6.0 (Media Cybernetics, Rockville, MD).

Picro Sirius Red Staining

Liver tissues were embedded in paraffin, cut into sections (5
pum thick), and collected on glass slides, which were placed
in an oven at 60°C for 45 minutes. Picro Sirius Red stain
solution was prepared as follows: 0.1% direct red 80 plus
0.1% fast green FCF dissolved in 1.2% picric acid. After
deparaffinization and rehydration, slides were incubated
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with Picro Sirius Red solution for 60 minutes. Next, slides
were quickly dehydrated and mounted with clean mounting
medium.

Immunofluorescence Staining

Frozen liver tissues were embedded in Tissue-Tek OCT
compound (Sakura, Staufen, Germany), cut into sections (5
pum thick), and fixed in 4% paraformaldehyde (Sigma, St.
Louis, MO) for 10 minutes at room temperature. After
washing with phosphate-buffered saline, the sections were
blocked with 5% goat serum and 0.1% Triton X-100 (in
phosphate-buffered saline) for 30 minutes. Next, the sec-
tions were incubated with primary antibodies [A6, epithelial
cell adhesion molecule (EpCAM), and CK19] overnight at
4°C. The A6 antibody was kindly supplied by Dr. Valentina
M. Factor (Laboratory of Experimental Carcinogenesis,
National Cancer Institute, NIH, Bethesda, MD). The
EpCAM antibody was purchased from Biolegend (118201;
Biolegend, San Diego, CA), and the CK19 antibody was
purchased from Abcam (52625). The following day, after
washing with phosphate-buffered saline, sections were
incubated with Alexa Fluor 488 and/or Alexa Fluor 594
secondary antibodies for 30 minutes in the dark. Finally, the
sections were mounted with VECTASHIELDH Mounting
Medium with DAPI (Vector Laboratories), and the immu-
nofluorescence signal was visualized by an immunofluo-
rescence microscope.

Protein Extraction and Western Blot Analysis

Frozen mouse liver specimens were homogenized in
Mammalian Protein Extraction Reagent (Thermo Fisher
Scientific) containing the Complete Protease Inhibitor
Cocktail (Thermo Fisher Scientific). The lysate was clarified
by centrifugation 16,000 x g for 10 minutes at 4°C) and
stored at —80°C until assayed. Protein concentrations were
determined using the Bio-Rad Protein Assay Kit (Bio-Rad,
Hercules, CA), and bovine serum albumin was used as
standard. Aliquots of 30 pg protein lysates were denatured
by boiling in Tris-Glycine SDS Sample Buffer (Invitrogen,
Grand Island, NY), separated by SDS-PAGE, transferred
onto nitrocellulose membranes (Invitrogen), blocked in 5%
nonfat dry milk, and incubated overnight at 4°C with the
specific primary antibodies. Each primary antibody was
followed by incubation with a horseradish peroxidase
secondary antibody diluted 1:5000 for 1 hour and revealed
with the Super Signal West Pico Chemiluminescent
Substrate (Pierce Chemical Co, New York, NY). The
following antibodies were used: Rictor (9476), phosphory-
lated (phospho)-AKT (Ser473; 3787), phospho-AKT
(Ser308; 13038), total AKT (9272), phospho-Aktl
(Ser473; 9018), phospho-Akt2 (Ser474; 8599), phospho-
forkhead box O1 (p-FoxO1; Ser256; 84192), phospho-pro-
line-rich AKT substrate of 40 kDa (p-PRAS40; Thr246;
2997), phospho-mTOR (Ser2448; 2971), phospho-S6
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ribosomal protein (Ser235/236; 4858), phospho-4EBP1
(Ser65; 9451), YAP/transcriptional coactivator with PDZ-
binding motif (TAZ) (8418), phospho-B-catenin (Ser552;
5651), FASN (3180), and glyceraldehyde-3-phosphate de-
hydrogenase (5174) from Cell Signaling Technology. The
SOX9 (ab185230), cytokeratin 19 (ab52625), and Jagged!
(ab109536) antibodies were purchased from Abcam. The
Sinl antibody (A300-910A) was purchased from Bethyl
Laboratories (Montgomery, TX).

RNA Extraction and RT-qPCR

Total mRNA was extracted from liver and small intestine
tissues using the Quick RNA miniprep kit (Zymo Research,
Irvine, CA). mRNA expression was determined by quanti-
tative RT-PCR (RT-qPCR) using the SYBR Green Master
Mix (Applied Biosystems, Foster City, CA) in a Quant-
Studio 6 Flex system (Applied Biosystems). Expression of
each gene was normalized to the 18S rRNA. The primer
sequences are listed in Table 1.

Bile Acid Analysis

Total bile acid levels in serum and liver lysate samples were
measured using the Mouse Total Bile Acids Assay Kit (80470;
Crystal Chem, Elk Grove Village, IL), following the manu-
facturer’s protocol. The analysis was performed with the
BioTek ELx808 Absorbance Reader (BioTek, Winooski, VT),
and the results were shown as pmol/L. Ultra—high-perfor-
mance liquid chromatography—tandem mass spectrometry
analysis was conducted to profile the taurocholic acid and
deoxycholic acid levels in samples obtained from DDC fed
mice. Serum (20 pL) was added to 60 pL. of methanol, fol-
lowed by vortexing and centrifugation at 15,000 x g for 15
minutes. Livers were weighed and homogenized in three times
volume of aqueous methanol. Subsequently, 50 puL of each
mixture was added to 200 pL of methanol, followed by

Table 1  Primer Information for RT-gPCR

vortexing and centrifugation at 15,000 x g for 15
minutes. Each supernatant was transferred to a sample vial for
analysis. Supernatant (3 pL) was injected into an ultra—high-
performance liquid chromatography—tandem mass spec-
trometry instrument coupled with Q Exactive Orbitrap MS
(Thermo Fisher Scientific) equipped with a 2.1 x 100-mm
BEH C18 Column (130A; 1.7 pum; Waters, Milford, MA) for
analysis. The column temperature was maintained at 40°C.
The flow rate of mobile phase was 0.3 mL/minute, with a
gradient ranging from 2% to 98% aqueous acetonitrile con-
taining 0.1% formic acid in a 7-minute run. Q Exactive MS was
operated in negative mode with electrospray ionization. Ul-
trapure nitrogen was applied as the sheath (45 arbitrary units),
auxiliary (10 arbitrary units), sweep (1.0 arbitrary units), and
the collision gas. The capillary gas temperature was set at
275°C, and the capillary voltage was set at 3.7 kV. Mass
spectrometry data were acquired from m/z 80 to 1200 Da in
profile mode, and reference ions at m/z 174.9562 in the
negative mode were used as a lock mass during acquisition.

Statistical Analysis

The Prism software version 6.0 (GraphPad, San Diego, CA)
was applied to analyze the data, which are presented as
means = SEM. Comparisons between two groups were
performed with the two-tailed unpaired #-test. P < 0.05 was
considered statistically significant.

Results

DDC Ingestion Leads to Cholestatic Liver Injury and
Induces mTORC2/Akt Activation

As the first step to investigate mTORC?2/Akt signaling in
cholestatic liver injury, wild-type mice were fed a regular
chow diet or a 0.1% DDC-supplemented diet (DDC diet) for
3 weeks (Figure 1A). Consistent with a previous report,'’

Gene Forward Reverse

18S rRNA 5'-CGGCTACCACATCCAAGGAA-3’ 5'-GCTGGAATTACCGCGGCT-3’

Mouse: Hes1 5'-AAAGCCTATCATGGAGAAGAGGCG-3 5'-GGAATGCCGGGAGCTATCTTTCTT-3’
Mouse: Hes5 5'-AAGCGCCCTTGCGAGGAAAC-3’ 5'-GGTAGTTGTCGGTGAATTGGAC-3’
Mouse: Heyl 5'-CAGCCCTTCGCAGATGCAA-3' 5'-CCAATCGTCGCAATTCAGAAAG-3’
Mouse: Jagged1 5'-CCTCGGGTCAGTTTGAGCTG-3' 5'-CCTTGAGGCACACTTTGAAGTA-3’
Mouse: Fgfi5 5'-ATGGCGAGAAAGTGGAACGG-3’ 5'-CTGACACAGACTGGGATTGCT-3’
Mouse: Ffxr 5'-GGCAGAATCTGGATTTGGAATCG-3’ 5'-GCTGAACTTGAGGAAACGGG-3’
Mouse: Cyp7al 5'-GGGATTGCTGTGGTAGTGAGC-3’ 5'-GGTATGGAATCAACCCGTTGTC-3’
Mouse: Pc 5'-CTGAAGTTCCAAACAGTTCGAGG-3’ 5'-CGCACGAAACACTCGGATG-3’
Mouse: Pck1 5'-CTGCATAACGGTCTGGACTTC-3' 5'-CAGCAACTGCCCGTACTCC-3'
Mouse: Gépc 5'-CGACTCGCTATCTCCAAGTGA-3’ 5'-GTTGAACCAGTCTCCGACCA-3'
Mouse: Srebf1 5'-CTGGTGAGTGGAGGGACCAT-3’ 5'-GACCGGTAGCGCTTCTCAAT-3’
Mouse: Acly 5'-CAGCCAAGGCAATTTCAGAGC-3’ 5'-CTCGACGTTTGATTAACTGGTCT-3’
Mouse: Acaca 5'-ATGGGCGGAATGGTCTCTTTC-3' 5'-TGGGGACCTTGTCTTCATCAT-3’
Mouse: Fasn 5'-GGAGGTGGTGATAGCCGGTAT-3’ 5'-TGGGTAATCCATAGAGCCCAG-3’

RT-qPCR, quantitative RT-PCR.
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Figure 1  3,5-diethoxycarbonyl-1,4-dihy-
drocollidine (DDC) feeding leads to cholestatic
liver injury and is accompanied by Akt activation.
A: Scheme of the experiment. B: Gross image and
hematoxylin and eosin (H&E) and immunohisto-
chemical staining of cytokeratin 19 (CK19) pro-
teins in the livers of Ricto™ mice with or without
DDC diet. C: Western blot analysis of the mTORC2/
Akt signaling cascade in livers of Rictof"? mice
with or without DDC diet. Glyceraldehyde-3-
phosphate dehydrogenase (Gapdh) was used as

S
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grossly, liver from DDC fed mice appeared to be darker
(Figure 1B). Histologic examination revealed that DDC
feeding induced pigment plug formation in bile ducts,
intrahepatic bile duct dilation, and inflammatory cell
infiltration (Figure 1B). As CK19 is a widely used marker of
biliary epithelial cells and oval cells,”” CK19 expression
was determined in control and DDC-fed livers by immu-
nohistochemistry. A significantly increased number of
CK19-positive cells were found in DDC-fed mouse liver
tissues (Figure 1, B and D). Next, the activation of the
mTORC?2/Akt signaling in control and DDC-fed mouse
liver tissues was investigated. DDC treatment led to an
increased expression of Rictor and p-Akt>*’?, supporting the
activation of mTORC?2. Interestingly, the p-Aktl isoform,
but not p-Akt2, was found to be activated in this cholestatic
liver injury model. Furthermore, the downstream
effectors of the mTORC2/Akt cascade, including p-
Pras40™2%, p-mTORS* %, p-Rps652%23 and p-4Ebp15%°,
but not p-FoxO1%%°°, were expressed at higher levels in
DDC-treated liver tissues (Figure 1C and Supplemental
Figure S1A). The results indicated that DDC feeding
induces mice cholestatic liver injury and ductular reaction.
These events are paralleled by the activation of mTORC2/
Akt/mTORCI1 signaling cascade.

1418

Genetic Depletion of Rictor Impairs Oval Cell Expansion
in Mice

To investigate the functional roles of mMTORC?2 in regulating
cholestatic liver injury, liver-specific conditional Rictor gene
knockout mice were generated. Specifically, the Albumin-Cre
transgenic mouse that contained Cre recombinase with al-
bumin promoter was crossed with the Rictor™ mouse to
restrict gene expression to liver hepatoblasts (progenitors of
both biliary epithelial cells and hepatocytes).”' Genotyping
was performed to validate the depletion of Rictor in mice by
PCR analysis. Consistent with previous reports,”’ the liver
weight and liver weight/body weight ratio were slightly
decreased in 6-week—old Rictor™ ® mice compared with
Rictor™ littermates (Supplemental Figure S2, A and B). This
phenotype is due to the decreased glycogen and triglyceride
accumulation in the liver of Rictor™*® mice.”' Histologic
evaluation revealed that Rictor™*® mouse livers were
completely normal. More important, we confirmed that bile
duct development, as revealed by CK19 immunostaining,
was similar in Rictor*° and Rictor™ control mice
(Supplemental Figure S2C). The results suggest that
mTORC?2/Akt signaling is not required for normal liver
development, including bile duct formation.

ajp.amjpathol.org m The American Journal of Pathology
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Subsequently, Rictor™© and Rictor™ control littermates
were fed a DDC-supplemented diet for 3 weeks (Figure 2A).
Grossly, liver tissues appeared to be darker in all DDC-fed
mice (Figure 2B). To ensure that loss of mTORC?2 did not
affect DDC-induced liver injury in mice, the liver bio-
markers in the serum of the two cohorts of mice feeding
regular chow or DDC were analyzed. DDC treatment led to
significantly increased serum concentration of alanine
aminotransferase, aspartate aminotransferase, total bilirubin,
and direct bilirubin, without affecting total protein and al-
bumin levels (Figure 3). More important, overall, similar
results were obtained in both control and Rictor™*® mice. In
addition, taurocholic acid, deoxycholic acid, and total bile
acid levels were similar in serum and liver tissues from
Rictor®© and Rictor™ mice (Supplemental Figure S3); and
gut fibroblast growth factor 15 (FgflS) expression levels
were also similar in two mouse cohorts (Supplemental
Figure S4A). These data suggest that DDC treatment is
effective in inducing liver injury in both strains of mice.

Next, histologic analysis of the liver tissues from DDC-
fed Rictor™ © mice as well as Rictor™ control littermates
was performed. A similar pigment plug formation in the
liver tissues of the two groups of mice was detected. As
described previously,lx‘22 in DDC-treated Rictor™ mice, a
population of small cells with high nucleus/cytoplasm ratio

A B

as well as an atypical duct-like morphology was observed in
the periportal area of the liver. In contrast, Rictor™® mice
showed few of these atypical duct-like cells at the periportal
region of the liver (Figure 2B). To further investigate this
phenotype, immunohistochemical staining of CK19 on liver
tissues was conducted. Consistent with the histologic eval-
uation, CK19 (4) cells were significantly decreased in
DDC-treated Rictor™ © mouse liver tissues (Figure 2, B and
C). Additionally, immunohistochemistry of  Sox9
(Figure 2B) as well as immunofluorescence of EpCAM and
the oval cell marker A6 (Figure 4, A and B) were also
performed. The expression of these markers was augmented
in the atypical duct-like cells in DDC-treated Rictor™ mice,
whereas few cells expressed these oval cell markers in
DDC-treated Rictor™® mice (Figures 2, B, D, and E, and 4,
A and B). Double immunofluorescence staining of CK19
and A6 showed that the two markers were co-expressed in
the same set of cells in Rictor™ and Rictor™*° mouse liver
tissues (Figure 4C).

To elucidate the mechanisms leading to the reduced oval
cell expansion in Rictor*®° mice, we determined whether
loss of mTORC?2 affects DDC-induced liver fibrosis and
hepatocyte proliferation. Thus, DDC-treated Rictor™ and
Rictor*®® mouse liver tissues were stained with Picro Sirius
Red as well as anti—o-smooth muscle actin and anti-
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Figure 2  Genetic Rictor ablation impairs
ductular reaction. A: Scheme of the experiment.
B: Gross image and hematoxylin and eosin (H&E)
and immunohistochemical staining of cytokeratin
19 (CK19) and sex determining region Y-box 9
(Sox9) proteins in the livers of Rictor” and Ric-
tor**® mice fed 3,5-diethoxycarbonyl-1,4-dihy-
drocollidine (DDC) diet. C—E: Quantification of
CK19 (C), Sox9™ ductular-like cell (D), and Sox9™
hepatocyte (E) staining. At least three mice per
group were assayed. Data are expressed as
means + SEM (C—E). **P < 0.0,
****p < 0.0001. Scale bars = 100 um (B).
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vimentin antibodies (Figure 5A). A significant expansion of p-Rps65**>>3® (Figure 6 and Supplemental Figure SIB).

Sirius Red (+), a-smooth muscle actin (+), and vimentin
(+) cells in DDC-treated Rictor™ and Rictor™®© mouse
livers was detected when compared with regular chow fed
mice. Interestingly, Picro Sirius Red staining was slightly
decreased and vimentin staining was significantly decreased
in DDC-treated Rictor™ © mouse liver tissues (Figure 5, B
and C), whereas a-smooth muscle actin staining pattern was
similar in Ricto™ and Rictor™ ® mouse liver tissues
(Figure 5D). In addition, there was a significant decrease of
F4/80 (+) macrophages in DDC-treated Rictor*° mouse
liver tissues (Supplemental Figure S5). Using immunohis-
tochemical staining of Ki-67, the hepatocyte proliferation
rate in mouse livers was quantified. No difference was
detected between Rictor™ and Rictor*© mice (Figure 5E).
These data suggest that loss of mTORC2 does not affect
DDC treatment—induced hepatocyte proliferation, but it
reduces liver fibrosis and inflammation after DDC-induced
liver injury.

Next, Western blot analysis of liver tissues from Rictor™
and Rictor™© mice on regular chow or DDC chow diet was
performed. As expected, Rictor protein expression was
completely lost in Rictor®© mouse liver tissues (Figure 6
and Supplemental Figure S1B). This event was accompa-
nied by a significantly lower expression of p-AktS*’3, but
not p—AktT308, in DDC-treated Rictor*®©® mouse livers
(Figure 6 and Supplemental Figure SI1B). Levels of
mTORCI1, the major downstream effector of Akt, were
significantly decreased in Rictor™*© livers, as demonstrated
by the down-regulation of p-mTOR***® p-4Ebp15%%, and
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Other Akt substrates, including p-FoxO13**® and p-
Prsa40™24, did not change significantly. Consistent with the
decreased ductal reaction in Rictor™*® mice, the expression
of biliary cell markers, such as Sox9, was decreased
(Figure 6 and Supplemental Figure S1B).

Finally, to further investigate how the loss of mTORC2
influences liver injury and regeneration, mice were fed the
DDC diet for 3 weeks and switched to regular mouse chow
for additional 3 weeks to allow the mice to recover from
DDC-induced liver injury. A significant decrease of CK19
(+) cells after 3 weeks of recovery in both Rictor™ and
Rictor™®© mice was observed (Supplemental Figure S6).

In summary, DDC treatment triggers cholestatic liver
injury in both Rictor™ and Rictor*° mice. However, loss
of mTORC?2 leads to reduced DDC-driven Akt activation
and decreases oval cell expansion in vivo.

mTORC2 from Progenitor or Biliary Epithelial Cells
Drives Oval Cell Expansion in Vivo

Albumin-Cre mice are responsible for the deletion of the
floxed gene in liver hepatoblasts, leading to gene knockout
in both hepatocytes and biliary epithelial cells in adult
mice.”> To further investigate the cellular population
affected by mTORC?2 deficiency during ductular reaction,
we specifically deleted Ricfor in adult hepatocytes. In brief,
Ricto™" mice were infected with AAV-TBG-Cre. Rictor™"
littermates infected with AAV-TBG-Null vector were used
as controls (Figure 7A). Three weeks after AAV injection,
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mice were fed a DDC diet for additional 3 weeks. A sig-
nificant similar degree of ductular reaction could be
observed in DDC-treated AAV-TBG-Null and AAV-TBG-
Cre injected Rictor™ mice (Figure 7B). Immunohisto-
chemical staining of CK19 or A6 was performed to quantify
the oval cell expansion in mice, and similar staining patterns
for CK19 or A6 were obtained in the two mouse cohorts
(Figure 7, B and C, and Supplemental Figure S7). Inter-
estingly, Sox9 staining revealed similar levels of Sox9 (4)
cells in periportal ductal-like cells. However, although
numerous hepatocytes were found to be Sox9 (+) sur-
rounding the periportal region, the number of Sox9 (+)
hepatocytes was significantly lower in DDC-treated AAV-
TBG-Cre injected Ricto™ mice (Figure 7, D and E). The
results suggest that hepatocyte mTORC2 controls Sox9
expression in hepatocytes, but not in oval cells. Western blot
analysis revealed that AAV-TBG-Cre was effective in de-
leting Rictor in the adult liver, leading to decreased
expression of p-Akt>*’? p-Rps6>*>**®, and p-mTOR3***® in
these mice (Figure 7F and Supplemental Figure S1C).

Altogether, these findings suggest that liver progenitor
cells or biliary epithelial cells, rather than hepatocytes, are
the main cells types required for mTORC2 activation
along ductular reaction in DDC-induced cholestatic liver
injury.
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AB/DAPI

Figure 4  Genetic Rictor deletion impairs
epithelial cell adhesion molecule (EpCAM)"
and A6" oval cell proliferation. A and B:
Immunofluorescence staining for EpCAM (A)
and A6 (B) expression in livers of Rictor""
and Ricto'*® mice under 3,5-diethox-
ycarbonyl-1,4-dihydrocollidine (DDC) diet. C:
Immunofluorescence staining for cytokeratin
19 (CK19; green) costained with A6 (red).
Arrowheads indicate co-expression of CK19
and A6 in oval cells. Scale bars: 50 um (A and
B); 25 um (C).

The mTORC1/Fasn Signaling Is Dispensable in DDC-
Induced Ductular Reaction

Because mTORCI is the major signaling event downstream
of the mTORC2/Akt cascade and p-mTORS***® Jevels were
significantly decreased in DDC-treated Rictor™®© mice, we
hypothesized that mTORCI1 inhibition may also lead to
decreased ductular reaction. To test this hypothesis, wild-
type mice were subjected to daily rapamycin injection and
DDC treatment (Supplemental Figure S8A). Additional
mice were treated with vehicle and DDC as control. After 2
weeks of DDC treatment, similar oval cell expansion in
vehicle and rapamycin-treated mice occurred (Supplemental
Figure S8B). This observation was confirmed by CKI19
immunohistochemistry (Supplemental Figure S8C). At the
molecular level, as expected, rapamycin treatment effec-
tively inhibited the levels of p-Rps6, the downstream
effector of mMTORC1 (Supplemental Figure S8D).
FASN-regulated de novo lipid biosynthesis is a major
metabolic cascade downstream of mTORCI/Rps6.”" To
test whether the lipogenic pathway is also dispensable for
DDC-induced ductular reaction, liver-specific ~Fasn
knockout (Fasn™*?) mice were generated by crossing Al-
bumin-Cre mice with Fasn™ mice, as described in our
previous publication (Supplemental Figure S9A).”> Thus,
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Quantification of Picro Sirius Red (B), vimentin (C), a-SMA (D), and Ki-67 (E) staining. At least three mice per group were assayed. Data are expressed as

means + SEM (B—E). *P < 0.05, ***P < 0.001. Scale bars = 100 um (A).

Fasn**° and control Fasn™ mice were fed DDC for 3
weeks. Fasn™© and Fasn™" mice displayed a similar oval
cell expansion pattern, as assessed by histopathologic
analysis and CK19 immunohistochemistry (Supplemental
Figure S9, B and C). Western blot analysis confirmed the
effective deletion of Fasn in the mouse liver (Supplemental
Figure S9D).

In summary, our study indicates that the mTORC2/Akt
pathway regulates DDC-induced ductular reaction
independent of the mTORC1/Rps6/Fasn cascade.

Aberrant Notch but Not Yap Activation in DDC-Treated
Rictor*© Mice

Finally, we investigated the possible pathways downstream
of mMTORC?2 in regulating oval cell expansion in response to
DDC treatment. As altered bile acid synthesis, gluconeo-
genesis, and lipogenesis have been shown to be the major
metabolic pathways downstream of mTORC?2 in the liver,

1422

the expression of genes involved in these pathways in DDC-
treated Rictor™ and Rictor™ © mouse liver tissues by
quantitative real-time RT-PCR were analyzed. All these
genes exhibited similar expression levels in the two cohorts
of mice (Supplemental Figure S4, B—D), suggesting that
these metabolic processes are not the major events down-
stream of mMTORC2 during DDC-induced liver injury. A
recent investigation indicates that the Hippo/Yap cascade is
involved in DDC-induced oval cell expansion.”® Additional
studies suggest that Yap is a downstream effector of
mTORC2.””*® Thus, we investigated whether DDC-treated
control and Rictor™ mouse liver tissues were character-
ized by activation of Yap by immunohistochemistry.
Enhanced cytoplasmic and nuclear Yap expression was
found in oval cells from DDC-treated control Rictor™
mouse livers. A similar Yap expression pattern character-
ized DDC-treated Rictor™® mouse liver tissues
(Supplemental Figure S10A). Furthermore, no difference in
the total levels of either Yap or its paralog Taz was detected
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Figure 6 Ablation of Rictor reduces Akt signaling activation. Western

blot analysis of the mTORC2,/Akt signaling cascade in livers of Ricto”" and
Rictor*® mice under 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC) diet.
Glyceraldehyde-3-phosphate dehydrogenase (Gapdh) was used as loading
control. 4Ebp1, eukaryotic translation initiation factor 4E-binding protein
1; CK19, cytokeratin 19; Fox01, forkhead box 01; KO, knockout; mSin1,
mitogen-activated protein kinase associated protein 1; mTOR, mammalian
target of rapamycin; p-, phosphorylated; Pras40, proline-rich AKT substrate
of 40 kDa; Rictor, rapamycin-insensitive companion of mTOR; Rps6, ribo-
somal protein S6; Sox9, SRY (sex determining region Y)-box 9; t-, total.

in the two mouse cohorts by Western blot analysis
(Supplemental Figure S10B).

Notch signaling cascade is another pathway that has been
implicated in oval cell expansion.”” We examined Notch
pathway status in DDC-treated Rictor™ and Rictor™*©
mouse liver tissues. Intriguingly, a significant decrease in
Jagl protein expression was observed in DDC-treated Ric-
10r**© mouse liver tissues (Supplemental Figure S10B).
Consistently, quantitative real-time RT-PCR analysis
confirmed the decreased mRNA expression of canonical
Notch targets, such as Hesl, Hes5, and HeyLl, in DDC-
treated Rictor™*© mouse livers (Supplemental Figure S10C).

Altogether, these results indicate loss of mTORC2 does
not affect Hippo/Yap cascade, whereas it inhibits the Notch
pathway, along DDC-induced ductular reaction.

Discussion

Recent studies have established mTOR complexes as
essential modulator of numerous cellular processes,
including cell metabolism and growth. mTOR functions in
two distinct complexes: mTORCI1, which is sensitive

The American Journal of Pathology m ajp.amjpathol.org

to rapamycin treatment; and mTORC2, which is insensitive
to rapamycin. Although the role of mTORCI in liver
homeostasis, regeneration, and tumor development has been
extensively investigated, the studies about mTORC?2 in liver
biology remain limited. As Rictor is a unique subunit of
mTORC?2, conditional Rictor knockout mice have been used
to characterize the function of mTORC2 in various cell
types. In the liver, studies on mTORC2 mainly focus on its
role in hepatic metabolism and carcinogenesis. For instance,
it was found that hepatic mMTORC?2 deletion leads to loss of
p-Akt>*73. This resulted in reduced activity of glucokinase
and sterol regulatory element binding transcription factor 1
(Srebpl) proteins, leading to impaired glycolysis and lipo-
genesis in Rictor®© mice.”’ In agreement with the latter
findings, Rictor™*° mice failed to develop a fatty liver
phenotype when fed a high-fat diet.”” In addition, Rictor™*©
mice exhibited alterations in insulin-induced Akt activation
and insulin-driven mTORCI activation, leading to glucose
intolerance and insulin resistance.”’ In human hepatocellular
carcinoma, chromosomal gains of RICTOR were found in
approximately 25% of patient samples,”’ and high expres-
sion of RICTOR was associated with poor prognosis.’” In
addition, inhibition of mMTORC?2 induced cell cycle arrest in
hepatocellular carcinoma cell lines.>® Furthermore, loss of
Rictor prevented sgPten/c-Met’* and c-Myc/MCL1"*
induced hepatocellular carcinoma formation in mice.
Taken together, these findings revealed the key role of
mTORC?2 in the regulation of liver metabolism and carci-
nogenesis. However, the functional contribution of
mTORC?2 to liver regeneration has not been reported to
date. In this article, we investigated how mTORC2 regulates
liver regeneration after DDC-induced cholestatic liver injury
using Rictor™© mice. We discovered that mTORC2/Akt
signaling cascade is activated after DDC treatment in wild-
type mice. More important, we found that loss of mMTORC2
did not prevent DDC-induced cholestatic liver injury, as
similar serologic features, including increased levels of
alanine aminotransferase, aspartate aminotransferase, total
bilirubin, direct bilirubin, taurocholic acid, deoxycholic
acid, and total bile acid, were observed in both control and
Rictor**© mice. Although we were unable to measure bile
flow rates in the DDC-treated mouse cohort, in a previous
study, it was shown that DDC treatment does not alter bile
flow rate in mice.”” It is well established that oval cell
expansion is a major phenotype in the DDC-induced
cholestatic liver injury model. We found that liver-specific
ablation of Rictor significantly inhibited oval cell expan-
sion in DDC fed mice, supporting a major function of the
mTORC?2 signaling cascade in this process. The present
studies focus on DDC-induced cholestasis, but additional
models,*® such as bile duct ligation model and Mdr2™"~
mouse model, in combination with Rictor*®° mice, should
be applied. These studies will provide additional support for
the role of mTORC?2 in cholestatic disease pathogenesis.
mTORC?2 phosphorylates several AGC kinases, such as
AKT proteins (AKT1, AKT2, and AKT3), SGKs (SGKI1,
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Figure 7

Rictor deficiency in hepatocytes has no effect on ductular reaction. A: Scheme of the experiment. B: Gross image and hematoxylin and eosin

(H&E) and immunohistochemical staining of cytokeratin 19 (CK19) and sex-determining region Y-box 9 (Sox9) in the livers of AAV-Cre-Rictor and AAV-Null
mice under 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC) diet. Arrowheads indicate Sox9™" hepatocytes. C—E: Quantification of CK19™" cells (C), Sox9*
ductular-like cells (D), and Sox9™" hepatocytes (E). F: Western blot analysis of mTORC2/Akt signaling cascade in AAV-Cre-Rictor and AAV-Null mouse liver under
DDC diet. Glyceraldehyde-3-phosphate dehydrogenase (Gapdh) was used as loading control. At least three mice per group were assayed. Data are expressed as
means + SEM (C—E). ****P < 0.0001. Scale bars = 100 pum (B). 4Ebp1, eukaryotic translation initiation factor 4E-binding protein; Fox01, forkhead box 01;
mTOR, mammalian target of rapamycin; p-, phosphorylated; Pras40, proline-rich AKT substrate of 40 kDa; Rictor, rapamycin-insensitive companion of mTOR;

Rps6, ribosomal protein S6; t-, total.

SGK2, and SGK3), and protein kinase C, leading to the
activation of these kinases. Among these mTORC2 sub-
strates, AKT kinases are considered the major downstream
effectors of mTORC?2. In the mouse liver, only Aktl and
Akt2, but not Akt3, are expressed. Between Aktl and Akt2,
it has been estimated that Akt2 represents approximately
85% of total Akt in the liver. Previous studies have shown
that different Akt isoforms may have distinct roles in bio-
logical processes. For instance, Akt2 has been identified as
the main Akt isoform downstream of insulin signaling in the
liver,””*® and it is required for loss of phosphatase and
tensin homolog (Pten)-induced hepatic steatosis.”” Over-
expression of constitutively activated Akt2 in Rictor**°
mice rescued the metabolic defects observed in Rictor®©
mice.”' Akt2 is also required for activated mutant form of
PIK3CA or loss of Pten driven hepatocellular carcinoma
formation in mice."”*' The role of Aktl in the liver has been
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only partially characterized.”” Recently, it was found that
Aktl, but not Akt2, is the dominant Akt isoform in c-MYC
driven liver carcinogenesis.3 2 On the other hand, it has been
suggested that Aktl and Akt2 have redundant roles in liver
homeostasis, and concomitant deletion of Atk/ and Akz2 is
required to disrupt such equilibrium.”> Our current study
suggests that Aktl may be the principal Akt isoform
required for oval cell expansion. This hypothesis could be
tested via generation of liver-specific Aktl, Akt2, and Aktl/
Akt2 double-knockout mice and subjecting them to DDC
feeding.

To further investigate the molecular mechanisms whereby
the mTORC2/Akt pathway modulates DDC-induced
cholestatic liver injury, we analyzed the expression of
downstream signaling molecules in DDC-treated control
and Rictor*© mice. We discovered a significant decreased
expression of p-mTOR, p-Rps6, and p-4Ebpl proteins,
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suggesting a decrease in the mMTORCI activity. In contrast,
other known mTORC2/Akt substrates, including p-
Pras40™2*¢ and p-FoxO15%°°, were not affected by the loss
of Rictor. These data suggest that mMTORC1 may be the key
signaling complex downstream of mTORC2/Aktl in
cholestatic liver injury. Interestingly, using rapamycin
treatment and liver-specific Fasn knockout mice, we
demonstrate that Rps6/Fasn signaling cascade is dispensable
for DDC-induced oval cell expansion. Rapamycin treatment
inhibits p-Rps6 downstream of mTORCI, but not p-
4Ebpl.** Thus, it is possible that 4Ebpl/eukaryotic
translation initiation factor 4E—mediated translation is the
major signaling event downstream of mTORC2/Akt during
cholestatic liver injury. Recent studies have demonstrated
the key roles of Hippo and Notch cascades in oval cell
expansion.”® ?’ Our investigation shows that the Notch
cascade, but not the Hippo signaling, is down-regulated in
DDC-treated Rictor™*® mouse liver tissues. More important,
Jagl, the predominant Notch ligand in the liver, was
expressed at lower levels in DDC-treated Rictor™*© livers.
Further analysis suggested that Jagl mRNA levels were
equivalent in DDC-treated control and Rictor™®© liver
tissues (Supplemental Figure S10C), indicating that Jagl is
regulated at the post-transcriptional level by mTORC2.
Overall, it is tempting to hypothesize that mTORC?2/Akt
regulates 4Ebpl/eukaryotic translation initiation factor 4E
downstream of mTORCI, leading to the increased protein
synthesis of Jagl, elevated Notch signaling, and, eventually,
oval cell expansion after DDC treatment. Clearly, additional
studies are required to investigate this hypothesis. The
results from these studies will provide novel mechanistic
insights into how mTORC2/Akt and Notch signaling
cascades interact during cholestatic liver injury—induced
oval cell expansion.
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