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Abstract
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Novel PKA-associated pathways for the regulation of

hepatocyte survival and pharmacological applications

Hong Min Wu

Advisor: Prof. Sang Geon Kim

Hepatocytes are primary targets for toxic insults such as drugs, alcohol and viruses.
Hepatocyte death is evident and a common feature in a variety of liver disease ranging
from drug induced liver injury, viral/alcoholic/autoimmune hepatitis to metabolic
disorders. Therefore, preserving functional hepatocytes is important for intervention and
amelioration of liver injury. Currently, therapeutic approaches targeting hepatocyte
death are challenging from the lower clinical outcomes. Thus, molecular targets and
pathways related to hepatocyte survival need to be discovered. Protein kinase A (PKA)
mediates the molecular signaling transduction between receptors/therapeutic drugs and
cellular targets. The numerous targets associated with PKA determine its nature as an
important regulator for energy metabolism. The aims of this study are to explore novel

molecules associated with PKA pathway targeting hepatocyte survival and specify the



molecules and underlying mechanisms.

As an aim to find a pharmacological approach aiming at PKA-associated pathway,
this study investigated the possibilities of methylene blue (MB), a mitochondria-
targeting drug in hepatocyte protection. MB treatment resulted in a PKA-dependent
activation of liver kinase B 1 (LKB1). LKB1 then induced activation of AMP-activated
protein kinase (AMPK) that caused inhibitory phosphorylation of glycogen synthase
kinase 3 B (GSK3p). MB treatment also induced an AMPK-independent early inhibition
of GSK3p. siRNA knockdown of PKA eliminated the inhibitory phosphorylation of
GSK3p by MB, suggesting the early inhibition of GSK3f by MB is dependent on PKA.
Together, the ability of MB in protecting hepatocytes and liver against toxicant induced
injury was confirmed by both in vitro and in vivo experiments. These results support the
notion that MB facilitates dual inhibition of GSK3[3 downstream of PKA, and protects
hepatocyte.

Liver X receptor o (LXRa) is a nuclear receptor and oppositely regulates lipid
metabolism and inflammation. In the analysis of public gene expression omnibus (GEO)
database, LXRa level significantly decreased in different injury conditions in
hepatocytes, mice and human liver. LXRa agonist treatment attenuated CCls induced
hepatocyte injury, whereas LXRo”" mice had more hepatocyte death and liver injury in
response to CCly, indicating LXRa’s protective effects on hepatocytes. In an additional
bioinformatics study, LXRa protection of hepatocytes may result from antagonizing

transforming growth factor B (TGFp) signaling, which was confirmed by subsequent



experiments using AMLI12 cell and mouse primary hepatocytes. Immunoblotting,
quantitative real-time polymerase chain reaction (QRT-PCR), reporter gene assay and
chromatin immunoprecipitation (ChIP) analysis were used to study molecular
mechanism downstream of LXRo. Cannabinoid receptor 2 (CB2) was identified as a
transcriptional target of LXRa. CB2 contributed to LXRa’s protective effects on
hepatocytes via upregulation of microRNA-27b (miR-27b). MiR-27b was demonstrated
here as a novel upstream inhibitory regulator of ubiquitin specific peptidase 4 (USP4), a
deubiquitylating enzyme for TGF( receptor 1 (TBRI). In addition, the changes on USP4
and TPRI by CB2 agonist were attenuated by PKA inhibition. Finally, albumin
promoter-driven lentiviral delivery of LXRa protected hepatocytes from injury.
Together, LXRa transcriptionally upregulates CB2, leading to miR-27b upregulation
and contributes to protecting hepatocytes via repression of USP4 and TBRI.

Taken together, the outcomes of this study demonstrate not only PKA-dependent
GSK3p inhibition for hepatocyte survival activated by pharmacological agent, but also
CB2-mediated PKA pathway associated with LXRo for hepatocyte protection,
providing novel exogenous and endogenous pathways and pharmacological insights for

hepatocyte survival, and potentially for the cure of liver diseases.

Keywords: Hepatocyte injury, PKA, LXRa, CB2, methylene blue, AMPK

Student Number: 2009-24034

iii + ] ©



Table of contents

Abstract i
Table of contents iv
List of table and figures .........cccceevuercrvercrsnnrscrnsscnresssrcscssessnsnene vi
List of abbreviations vii
L. Introduction teeesssessstessnesanessnssssessnesnee .1
I1. Materials and methods ..........cccoueevuecneisensensnncsercsnecsaeenne 9
Lo IMAEETIALS .ttt ettt sttt ettt es 9
2. ANIMAl TIEAMENLS ......eovieeieieieieie ettt ettt ettt et et st et e s st et e eeeneenseseeeneens 9
3. Histopathology and Blood Biochemical Analysis..........cccceccererieiiniinenenienenenee, 11
4. Cll CUITUTE ...ttt ettt ettt ettt be st e e b enee 12
5. Bioinformatic STUAIES.......cevvirierieeiieieeieeieeeesire e eereere et e e e seresanesnseesseeseessaenens 13
6. IMMUNODIOt ANALYSIS ...eeuviiiiiiieiieeieeie ettt sttt sbe e 13
7. Reverse Transcription and quantitative RT-PCR assays ........cccccoeeeevivriienieneennnnne, 14
8. FIoW Cytometric ANALYSIS.....ccccviireiieeciiieiiieiieecieeecreeereeeieeesveeeteeeseveessseeesveessneeas 16
9. Chromatin immunoprecipitation (ChIP) ASSAYS ......ccccceveerviirerciieeniieniee e eevee e 16
1O, REPOTEET ASSAYS..eeiurieerireririerieerteeasereesseesssreesseessseesseesssseessseesssseessseesssesssssesssseen 16
11, IMMUNOPTECIPILALION ..eevvieeieiereereeieeieesteesrestesresereeereeseeseesseessaesssessseesseesseessensses 17
12. Plasmid, miRNA mimic, miRNA ASO and siRNA transfection............c...cccee.u.... 17
13, PKA ACLIVILY cuvtiutieiieiterieeeie et eie et et e steestaessaesnseesbeessaessaesssesssesnseesseessesssessssenssenns 18
LA IMITT ASSAY c.uteeeniiteeite ettt ettt s et ettt e st e e ate e st e st e e enteesbeeeenbeesnseeenneeesnseeennnes 18
15. Determination of GSH CONtENt.........ccviiiiiieiiiiiciieeiee e e 19
16. DAt ANALYSIS ..eeveeriieeiieeiieeieeie ettt ettt ettt ettt st eeteeteesbeesaeesaeesaneens 19
v 3



III. Results

IV. Discussion

V. Reference

.20

1. PKA-GSK3[ pathway for hepatocyte survival..........ccccevvereenieniieniieeneeeeeesneens 20
1.1 PKA-dependent LKB1 activation by MB and AMPK activation...................... 20

1.2 Dual regulation of GSK3f downstream of PKA .........ccccocooiininiiiiiiiiee 23

2. LXRa-associated pathway for hepatocyte survival and involvement of PKA ........ 25
2.1 The impact of LXRa on hepatocyte protection ...........coeeeeveereneeneneneenieneene 25
2.2 LXRa protection of hepatocytes against TGFp-induced apoptosis .................. 28
2.3 Positive correlation between LXRo and CB2 in liver injury conditions........... 33
2.4 LXRa transcriptional regulation of CB2...........cocoviiiiieiiiiiiecicceeecee e, 36
2.5 Inhibition of USP4 and TPRI by LXRa and CB2.......ccccoeevvvvieiiiiieiieeeee 43
2.6 USP4 as a novel target of miR-27D .....coccociiiiiiiininiiniiceccc 46
2.7 Role of PKA in LXRa associated signaling transduction ............cccecvvevvvennennee. 49

3. Pharmacological appliCations...........cccueeeiuiieriieiiieeiieecteeeiee e e et eeseveesreeeeveesevee s 51
3.1 MB protection of hepatocyte and liver, and the role of PKA .............cccoeeennes 51
3.2 Liver protection by hepatocyte delivery of LXROU.....cocevircieniniininiiiicene 55
...... .58

...... .66

82

VI. 3& a9




List of table and figures

Table 1. Primer SEqUENCES. . ..outiutintieteet it et et et et et et et et eteeeeeeeneeneanens 15
Figure 1. MB activates LKB1-AMPK, downstream of PKA............cocoooiiininiinie 21
Figure 2. MB inhibits GSK3[B aCtIVILY ....cccveiiiiiiiiiiieciieeciieeciee et e e 24
Figure 3. LXRa protects hepatocytes against toxicant induced injury ........c..ccceevenene. 26
Figure 4. LXRa antagonizes TGFP siNaling........cocceverieninieniiniiiiniinieieneeeeieeeene 29
Figure 5. LXRa protects hepatocytes against TGFB-induced apoptosis ........c..cccueeeee.e. 31
Figure 6. LXRa positively correlates with CB2 in liver injury conditions.................... 34
Figure 7. LXRa upregulates CB2 both in2 vivo and inn VItro ............ccceeevvevvenvencneenen, 37
Figure 8. LXRa transcriptionally regulates CB2 .........cccoovvveviiiiinciiiieeieeecee e 39
Figure 9. LXRa protection of hepatocytes is CB2-dependent............cccoeevvevveeennnennee. 42
Figure 10. LXRa inhibits USP4-mediated TBRI stabilization via CB2 ........................ 44
Figure 11. MiR-27b directly targets and inhibits USP4 ............ccooeeieiiiiiiniieiieeeeee 47
Figure 12. Involvement of PKA .........cciiiiiieeece e e 50
Figure 13. MB protects hepatocyte viability in a PKA-dependent manner ................... 52
Figure 14. MB protects liver against CCLy induced injury ...........ccecceeveeneeneeneerieeeniens 54
Figure 15. Hepatocyte delivery of LXRa attenuates CCls induced liver injury ............ 56
vi _3.&_'1:



List of abbreviations
ACC: Acetyl-CoA carboxylase
ALT: Alanine aminotransferase
AMPK: AMP-activated protein kinase
AST: Aspartate aminotransferase
CB2: Cannabinoid receptor 2
ChIP: Chromatin immunoprecipitation
ChREBP: Carbohydrate-responsive element-binding protein
CHX: Cycloheximide
COX2: Cyclooxygenase 2
DEGs: Differentially expressed genes
DMEM: Dulbecco’s modified eagle’s medium
FBS: Fetal bovine serum
GEO: Gene expression omnibus
GR: Glucocorticoid receptor
GSK3p: Glycogen synthase kinase 3 3
H&E: Hematoxylin & Eosin
IL1pB: Interleukin 1
iNOS: Inducible nitric oxide synthase
LKBI: Liver kinase B1

LXR: Liver X receptor

Vil



LXRE: LXR response element

MB: Methylene blue

MiR-27b: MicroRNA-27b

PKA: Protein kinase A

PI: Propidium iodide

gqRT-PCR: quantitative real-time polymerase chain reaction
ROS: Reactive oxygen species

SREBP-I1c: Sterol regulatory element-binding protein 1c
TPBRI: TGFp receptor 1

TGFp: Transforming growth factor 3

TNFa.: Tumor necrosis factor a

USP4: Ubiquitin specific peptidase 4

viii



1. Introduction

Everyday billions of cells undergo programmed death, and meanwhile new cells
are proliferated to keep the functionality of whole organism. The balance between cell
death and proliferation is essential for organ development and tissue homeostasis. When
the balance is broken, many unwanted results will happen. Too much cell death can lead
to acute pathologies such as liver failure and heart attack, whereas too much cell
proliferation will cause cancer development (Fischer and Schulze-Osthoff, 2005). In
fact, the imbalance between cell death and replacement contributes to almost half of the
medical diseases, and many of them are lack of proper therapy (Fischer and Schulze-
Osthoff, 2005).

The primary liver cells, hepatocytes, are the first target for various injury stimuli,
and repetitive hepatocyte injuries facilitate liver disease development (Inokuchi et al.,
2010; Takehara et al., 2004). Insults on hepatocytes trigger hepatocyte death signaling
pathways, which can cause the activation of neighboring macrophage and hepatic
stellates cells for the progression of inflammation, fibrosis, and cirrhosis (Martin-
Murphy et al., 2010; Watanabe et al., 2007). Hepatocyte death is a common
phenomenon in many liver diseases (Feldstein et al., 2003; Natori et al., 2001),
therefore, methods to preserve functional hepatocytes may provide therapeutic strategies

for liver protection.



During the past few decades, many apoptosis-based therapies have been developed
for liver disease treatment. The therapies mainly target to the key players in cellular
apoptosis regulation. These key players include death receptors (e.g., tumor necrosis
factor (TNF) receptor), mitochondrial pathway gatekeepers (e.g., Bcl-2 family proteins)
and the apoptosis executioner enzymes (e.g., caspases). The anti-TNF therapy has been
suggested effective in alcohol mediated liver injury (limuro et al., 1997). However,
whether anti-TNF therapies is beneficial for liver disease remains to be determined
because long duration of blocking TNF activity is related to impaired liver regeneration
(Tilg et al., 2003). Genasense (an antisense oligonucleotide for Bcl-2) is under
preclinical trials for the treatment of different cancer (Hall et al., 2013; Bedikian et al.,
2014), and its application on liver cancer remain to be explored. Caspase inhibitor has
been reported with potential effects in the treatment of hepatitis and liver fibrosis
(Pockros et al., 2007). However, it fails to prevent apoptosis in some specific
experimental settings such as caspase-independent apoptosis (Hirsch et al., 1997).
Collectively, these therapeutic approaches targeting hepatocyte death/survival are
challenging, and new molecular targets for hepatocyte survival and the detail of
regulatory mechanisms remain to be explored.

Protein kinase A (PKA) is an intracellular second messenger cAMP-dependent
kinase and cAMP/PKA pathway represents one primary pathway in transmitting the cell

external signaling into internal environment. The cAMP/PKA signalling system is



important for energy homeostasis by regulating a wide range of intracellular processes.
(Francis and Corbin, 1994). In liver, PKA regulates lipid metabolism by inhibitory
phosphorylating sterol regulatory element-binding protein Ic (SREBP-1¢) and
carbohydrate-responsive element-binding protein (ChREBP), key enzymes regulating
lipogenesis (Lu and Shyy, 2006; Kawaguchi et al., 2001), and inhibits Toll-like receptor
4 response by suppressing Tumor necrosis factor o (TNFa) in vitro (Wall et al., 2009).
In addition, activation of cAMP-PKA signaling prevents hepatocyte death in mice from
ischemia/reperfusion injury (Ji et al., 2012), as well as hepatocyte apoptosis induced by
death receptor agonist in vitro (Wang et al., 2006). However, the molecular signaling
associated with PKA in hepatocytes is still not fully understood.

Methylene blue (MB) was first synthesized in 1876 and had a long history with
many applications both as staining reagent and medications (Schirmer et al., 2011). The
first medical use of MB is treatment of malaria during the world wars, and was later
disliked by the soldiers because of the blue color (Parascandola, 1981). From the 1890s
to 1930s, MB’s various effects have been discovered, including its antidepressant,
antifungal activities, and treatment for methemoglobinemia and cyanide toxicity (Ohlow
and Moosmann, 2011; Alston, 2014). Around 1970s, MB was found can speed up
cytochrome ¢ reduction (Weinstein et al., 1964). Later, MB was found has the unique
auto-redux property of spontaneous cycling between the oxidized blue color form (MB)

and reduced colorless form (LeucoMB) (Weinstein et al., 1964; Schirmer et al., 2011).



MB accepts electrons from NAD(P)H and FADH; and is reduced into LeucoMB. At the
same time LeucoMB can be reoxidized into MB by O, (Atamna et al., 2008). The
special auto-redox feature of MB enabled people to investigate its therapeutic effect on
mitochondrial dysfunction related diseases. Nowadays, MB has been considered as a
mitochondria-targeting compound that integrates the electron leaked from mitochondrial
electron transport (Gabrielli et al., 2004; Atamna et al., 2008). Consequently, MB can
help avoiding excess reactive oxygen species (ROS) production, enhancing the
mitochondrial  oxidation and improving total mitochondrial function (Atamna et al.,
2008; Visarius et al., 1999). Currently, MB has been widely investigated for clinical
therapy of mitochondrial dysfunction related diseases such as Alzheimer’s diseases (Oz
et al., 2009). Nevertheless, whether MB can prevent toxicant induced hepatocyte and
liver injury has not been examined yet.

Mitochondrial dysfunction can lead to hepatocyte death through accelerating ROS
accumulation and oxidative stress. Oxidative stress induces loss of mitochondrial
membrane potential, dysregulated redox homeostasis, disruption of ATP synthesis and
ultimately triggers hepatocyte death (Li et al., 2016). Thus, excessive oxidative damage
is related to many liver diseases from fatty liver, hepatitis to liver fibrosis/cirrhosis and
hepatocellular carcinoma (Li et al., 2016). AMP-activated protein kinase (AMPK) is an
intracellular energy that can regulate mitochondrial function. AMPK is activated

through phosphorylating at Thr-172 residue in response to high AMT/ATP ratio. Liver



kinase B 1 (LKB1) and calcium/calmodulin-dependent protein kinase kinase (CaMKK)
are two identified upstream kinases for AMPK phosphorylation (Hawley et al., 2003;
Hurley et al., 2005). Activated AMPK affects intracellular redox state. AMPK can
increase mitochondrial biogenesis through activating peroxisome proliferator-activated
receptor y coactivator-1 o (Chaube et al., 2015). AMPK can also enhance 3-oxidation of
fatty acid and participate in mitochondrial ATP generation (Hardie et al., 2012). In
addition, AMPK directly regulates cellular redox state through induction of
mitochondrial antioxidant enzymes (Xie et al., 2008). Many antioxidants such as
metformin, polyphenols and flavonoids have been shown to protect mitochondria and
hepatocytes through AMPK activation (Shaw et al., 2005; Kim et al., 2012; Choi et al.,
2010). Since MB is a mitochondria-targeting drug, its possibility to activating AMPK
may provide research value for targeting hepatocyte survival and preserving functional
hepatocytes.

Liver X receptors (LXRs) belong to the nuclear receptor family and are members of
transcription factors. Identified endogenous ligands for LXRs are 24S, 25, and 27
hydroxycholesterol (Apfel et al., 1994; Venkateswaran et al., 2000). LXRs act as
cholesterol sensor and are activated by increased intracellular cholesterol concentration.
Activated LXRs promote cholesterol efflux and decrease intracellular cholesterol
synthesis, as a result, increase the net elimination of cholesterol in the liver (Repa et al.,

2000b). As a transcription factor, LXRs bind to the LXR response element (LXRE) to



regulate downstream genes expression (Apfel et al., 1994). Many LXRs target genes
have been identified. Cyp7al, the first identified LXRs target gene in mouse, promotes
bile acid synthesis (Peet et al., 1998). Subsequent studies demonstrated LXRs’ ability in
promoting reverse cholesterol transport by transcriptionally regulate ABCAI and ABCG
family genes (Repa et al., 2000b; Kennedy et al., 2005). Besides cholesterol metabolism
regulation, LXRs are also found have important roles on lipogenesis via transcriptional
regulation of lipogenesis related genes (e.g., SREBP-Ic, Fas and Scdl) (Repa et al.,
2000a; Joseph et al., 2002; Chu et al.,, 2006). LXRs also have effects on glucose
metabolism. For example, LXRs promote glucose uptake via induction of GLUT4
(Dalen et al., 2003), and inhibit hepatic gluconeogenesis via downregulating PEPCK
(Cao et al., 2003). Consequently, LXRs activation improves glucose tolerance and
insulin sensitivity (Laffitte et al., 2003). Thus, LXRs are critical metabolism regulator
and charge whole-body energy homeostasis via regulating cholesterol, lipid and glucose
metabolism at many levels.

There are two identified isoforms of LXRs, LXRa and LXRP. Comparing to the
ubiquitously expressed LXRB, LXRa is found mainly in liver, adipose tissue,
macrophages and intestine (Kohro et al., 2000). In this study, we focused on the study of
LXRa since it is the major form in hepatocytes (Kohro et al., 2000). LXRa is the
master regulator of de novo lipogenesis and activation of LXRa leads to triglyceride

accumulation (Schultz et al., 2000). However, there are also increasing evidence



showing LXRa’s beneficial effects on anti-atherogenesis, cholesterol removal and anti-
inflammation (Tangirala et al., 2002; Uppal et al., 2007). In several animal or cell
models, the lack of LXRa aggravates liver inflammation and fibrosis (Joseph et al.,
2003; Beaven et al., 2011), but the role of LXRa for the protection against hepatocyte
injury and whether PKA is involved in the process have not yet been elucidated.

In the present work, the research aims are 1) to find a pharmacological approach
aiming at PKA-associated pathway, and 2) to address the impact of LXRa on
hepatocyte survival and investigate whether PKA is involved. First, studies were done
on investigating MB’s ability in maintaining hepatocyte viability and preventing
toxicant induced hepatitis, as well as the unexplored molecular basis. MB activated liver
kinase B 1 (LKB1)-AMP-activated protein kinase (AMPK) pathway downstream of
PKA. Activation of AMPK by MB caused inhibitory phosphorylation of glycogen
synthase kinase 3 [ (GSK3p) at later stage. Moreover, MB mediated GSK3f inhibition
at earlier stage is directly dependent on PKA. Thus, it was shown here that MB could
lead a dual inhibition of GSK3p downstream of PKA. Secondly, LXRa’s impact on
hepatocyte protection and the role of PKA in LXRa-related molecular signaling
transduction were determined. LXRa agonist attenuated toxicant induced hepatocyte
and liver injury, whereas absence of LXRa exacerbated that. Bioinformatics study and
in vitro experiments demonstrated that LXRa protected hepatocyte via inhibiting

transforming growth factor B (TGFp) signaling. In liver injury conditions, cannabinoid



receptor 2 (CB2) positively correlated with LXRa., and subsequent experiments proved
that Ch2 was a target gene of LXRa.. Further molecular studies uncovered that LXRa.-
CB2 inhibited TGF signaling via ubiquitin specific peptidase 4 (USP4) repression, an
event mediated by microRNA-27b (miR-27b) upregulation. In addition, USP4
repression by CB2 agonist was PKA-dependent. These results provide a novel LXRa-
associated pathway in modulating the fate of hepatocytes, via regulating CB2 and
suppressing USP4 mediated TGFP signaling. Finally, to connect the molecular
pathways demonstrated here with pharmacological applications, the effects of MB and
LXRa in protecting against hepatocyte and liver injury were tested. As a result, MB can
prevent toxicant-induced hepatocyte apoptosis and hepatitis; hepatocyte-specific
delivery of LXRoa ameliorated hepatocyte apoptosis. These results may provide

attractive therapeutic targets and strategy for the prevention and cure of liver diseases.



I1. Materials and methods

1. Materials

GW3965 (for cell-based assay), PI, MG132, MTT, DCFH-DA, anti-actin antibody
and anti-ubiquitin antibody were supplied from Sigma (St. Louis, MO). TGFB1 was
purchased from Humanzyme (Chicago, IL). FITC-Annexin V, anti-phospho-Tyr216-
GSK3p and anti-iNOS antibodies were from BD Bioscience (San Jose, CA). Anti-
caspase 3, anti-Myc, anti-LXRa. (for ChIP assay), anti-TBRI, anti-USP4, anti-COX2 and
anti-PKA antibodies were supplied from Santa Cruz Biotechnology (Santa Cruz, CA).
Antibodies directed against cleaved-caspase 3, cleaved-PARP, phospho-AKT, AKT,
phospho-Smad2, Smad2, phospho-Smad3, Smad3, Flag-tag, phospho-LKB1, LKBI,
phospho-AMPK, AMPK, phospho-ACC, ACC, phospho-Ser9-GSK3p and GSK3f were
obtained from Cell Signaling (Beverly, MA). Anti-LXRo (for immunoblotting) was
provided from Thermo Scientific (Waltham, MA). Anti-CB2, antibody, GW3965 (for
mouse treatment), T090 and SR144528 were supplied from Cayman Chemical (Ann
Arbor, MI). H89 were from Calbiochem (San Diego, CA). Horseradish peroxidase-
conjugated goat anti-rabbit and goat anti-mouse IgGs were obtained from Zymed
Laboratories (San Francisco, CA). The solution of iron-NTA complex was prepared as
described previously (Sakurai and Cederbaum, 1998).
2. Animal Treatments

Animal experiments were conducted according to the guidelines of the Institutional



Animal Use and Care Committee at Seoul National University. C57BL/6 mice (6-8
weeks of age) were purchased from Samtako Company (Osan, Korea). All the mice
were acclimatized and kept at a temperature of 20 &+ 2°C and a relative humidity of 50 +
5% under filtered, pathogen-free air, with 12 h light/dark cycles, and food/water
available ad libitum. CCls (0.5 mL/kg, 1:20 in corn oil) was intraperitoneally injected to
mice to induced acute (24 or 48 h) or chronic liver injury (twice a week for 4 weeks).
For experiments testing the effects of GW3965 (LXRa agonist) on liver injury, mice
were orally administered with GW3965 (10 mg/kg/day) for 3 days as described
previously. 6 h after the last administration of GW3965, the mice were injected with
CCls and were killed after 24 h. For chronic CCls injury model, LXRa™ mice
(purchased from the Jackson Laboratory) and their age-matched wild type control
groups were injected with CCls for 4 weeks. For hepatocyte specifically delivery of
LXRa, the original EF1 promoter of pCDH-EF1-MCS-copGFP plasmid (System
Biosciences) was replaced with the albumin enhancer/promoter (kindly provided by Dr.
Richard D. Palmiter from University of Washington) (Pinkert et al., 1987). The coding
region of pCMV-LXRa (kindly provided Dr. Mi-Ock Lee from Seoul National
University) was extracted and cloned downstream of the albumin enhancer/promoter.
1.3x10° viruses in 200 uL PBS per mouse were administered to 8-week-old LXRo™”
mice via tail vein. One week after the lentiviral delivery, the mice were treated with

CCly twice a week for 4 weeks and were sacrificed 24 h afterward. In experiments of
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testing the liver protective effects of MB, MB was administered to mice (3 mg/kg/day,
p.o.) for 3 days. 6 h after the last MB administration, mice were injected with CCly for
48 h and were killed thereafter (Wu et al., 2014).
3. Histopathology and Blood Biochemical Analysis

Hematoxylin & Eosin (H&E) staining was performed as previously described (Han
et al., 2016), the left lateral lobe of the liver was sliced, and the slices were fixed in
formalin for 6 h. Then, the fixed samples were embedded in paraffin, and were cut into
thick sections (4 um), and stained with H&E. TUNEL assay was done using the
DeadEnd Colorimetric TUNEL System (Promega, Madison, WI), as previously
described (Han et al., 2016). Liver tissues or AML12 cells were fixed with formalin and
were permeabilized with Triton X-100. Then the sample was incubated with biotinylated
nucleotide and terminal deoxynucleotidyl transferase, followed by immersing in saline
sodium citrate buffer. Endogenous peroxidases were blocked by using H»O,, followed
by horseradish peroxidase-labeled streptavidin solution. Toward the end, the samples
were developed using H,O, and diaminobenzidine, and were examined with a light
microscope. TUNEL-positive cells counting were repeated three times. Serum alanine
aminotransferase (ALT) and aspartate aminotransferase (AST) activities were analyzed
using Spectrum from Abbott Laboratories (Abbott Park, IL). Serum TNFo and IL1B
were analyzed using commercial ELISA kit (Thermo Science, Rockford, IL) (Enzo Life,

Farmingdale, NY). Briefly, serum (50 pl each) was loaded in the anti-mouse pre-coated
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microtiter plate, and were incubated with biotinylated anti-TNFa (or IL1J) antibodies,
followed by adding streptavidin conjugated to horseradish peroxidase. The color was
developed using tetramethylbenzidine. Intensity of the color was measured at 450 nm by
using a microplate reader (Tecan, Research Triangle Park, NC).
4. Cell Culture

Primary hepatocytes were isolated and incubated, as previously described (Wu et
al., 2014). Briefly, mice were anesthetized with Zoletil, liver was perfused with Ca®'-
free Hank’s buffered salt solution (Invitrogen, Carlsbad, CA), and was continuously
perfused with 0.1% w/v collagenase (Sigma, Type IV). Then cut off the liver and
washed with PBS. Liver cells were filtered with strainer (70 um). Primary hepatocytes
were plated in collagen-coated plates (5x10° cells/well) in dulbecco’s modified eagle’s
medium (DMEM) containing 10% fetal bovine serum (FBS) and antibiotics (50
units/mL penicillin and 50 pg/mL streptomycin). AML12 cells (a mouse hepatocyte-
derived cell line with typical hepatocyte features) and HepG2 cells (a human
hepatocyte-derived cell line) were purchased from American type culture collection
(ATCC, Rockville, MD). AMLI12 cells were cultured in the DMEM/F-12 containing
10% FBS, insulin-transferrin-selenium X, dexamethasone (40 ng/mL) and antibiotics.
HepG2 cells were maintained in the DMEM containing 10% FBS and antibiotics. The
cells were plated in six-well plate (2x10° cells/well) and were used when confluency

reached 70-80%.
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5. Bioinformatic Studies

For hierarchical cluster analysis, microarray data were supplied from the Gene
Expression Omnibus (GSE25583) (Marquardt et al., 2012). Differentially expressed
genes (DEGs) with statistical significance (P<0.1) in the livers of CCls-treated mice
compared to those of vehicle-treated controls were selected. Heatmap was draw with R
software (Bioconductor, pvclust). Genes encompassing 1% DEG which includes LXRa
were selected and further categorized according to gene ontology terms using DAVID
6.7 software (Huang da et al., 2009). For gene interaction network analysis, DEGs with
statistical significance (P<0.05 with fold change over 2) in LXR knockout mice
compared to that of wild type mice in GEO data set (GSE38083) (Ducheix et al., 2013)
were selected. Clustered DEGs were ranked according to KEGG pathway using DAVID
6.7 Software. Gene network of upregulated DEGs was extracted using Mentha and
Cytoscape 3.0.0 software.
6. Immunoblot Analysis

Immunoblot analysis was performed as described previously (Wu et al., 2014). Cell
lysates (or liver homogenates) were centrifuged to get supernatants (10,000 g, 10 min).
Protein concentrations of each sample were measured by spectrophotometer (GE
Healthcare, Biochrom Ltd, Cambridge, UK). Samples were equally made to a same
concentration. Protein samples were loaded in gel electrophoresis, and were transferred

to nitrocellulose membrane. The membrane was incubated with first antibodies of
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interest, followed by incubating with HRP-conjugated secondary antibodies. Protein
bands were developed using ECL system from Amersham (Chalfont St. Giles,
Buckinghamshire, UK).
7. Reverse Transcription and quantitative RT-PCR assays

Experimental details are described elsewhere (Heo et al., 2014). Total RNA was
isolated with Trizol reagent (Invitrogen, Carlsbad, CA), and was reverse-transcribed to
obtain cDNAs. cDNAs were amplified by polymerase chain reaction (PCR) using the
PCR Master kit (Roche, Mannheim, Germany). Quantitative real-time PCR (qRT-PCR)
was performed using ABI StepOne plus Real-Time PCR System (Thermo Fisher
Scientific) and SYBR Premix Ex Taq II kit (Takara Bio, Shiga, Japan). The relative
levels of mRNA were normalized by actin. For qRT-PCR assays of miRNA, cDNAs
were generated from total RNA (1 pg/per sample) using the miScript Reverse
Transcription kit (Qiagen GmbH, Hilden, Germany). The levels of U6 small RNA were
quantified for normalization of miRNA levels. The primers used in the qRT-PCR assays

are listed in Table 1.
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Gene symbol Forward sequence Reverse sequence

Mouse mRNA
Lxra TGCCATCAGCATCTTCTCTG GGCTCACCAGCTTCATTAGC
Ch2 GGTCGACTCCAACGCTATCTTC GTAGCGGTCAACAGCGGTTAG
Dhcr24 CTGCCTACGAGCTGATCCTG GTACAGCAACCCTTCCACGA
As3mt TCTGCCACATTTCGCCTCTT ATCCGGAGCAAAACGTGAGT
Acads TTGCCGAGAAGGAGTTGGTC AGGTAATCCAAGCCTGCACC
Tek TCGGCTGGAATGACTTGCAT CCAAAGTTGCCCTCTCCGAT
F5 CCGAGAGGAAGGATGATGCC AAGCAGAGGCCCAATCAGAC
Actin CTGAGAGGGAAATCGTGC TGTTGGCATAGAGGTCCT
TefB CTTCAGCTCCACAGAGAAGAACTGC CACAATCATGTTGGACAACTGCTCC
Tnfa TACTGAACTTCGGGGTGATCGGTCC CAGCCTTGTCCCTTGAAGAGAACC
iNOS CCTCCTCCACCCTACCAAGT CACCCAAAGTGCTTCAGTCA
116 TTCCATCCAGTTGCCTTCTT ATTTCCACGATTTCCCAGAG
miRNA
miR-27b TTCACAGTGGCTAAGTCTGC
let-7g TGAGGTAGTAGTTTGTACAGTT
Universal reverse primer
miR-15a TAGCAGCACATAATGGTTTGTG
(Qiagen proprietary information)
miR-185 TGGAGAGAAAGGCAGTTCCTGA
miR-429 TAATACTGTCTGGTAATGCCGT
ChIP primers
LXREI ATGAGGAAGATACAATACCAGAGTATG AAGACAAGGTTTCTCTGTAGCC
LXRE2 CAGGAGATCCGAAGCCTCTT CTAGGCTGGCTGTCTCCATC
LXRE3 AGATGGAGACAGCCAGCCTA AGACACCATTCCACACAGCA

Table 1. Primer sequences

15



8. Flow Cytometric Analysis

Flow cytometric analysis for apoptosis and H,O, detection were done according to
previous published method (Wu et al., 2014; Yang et al., 2015). Cells were detached by
trypsinization and washed with PBS (1% FBS contained), followed by staining with
FITC-Annexin V and propidium iodide (PI) for apoptosis analysis (or stained with 10
uM DCFH-DA for H»>O, detection). Fluorescence intensity was detected by a flow
cytometer (BD Biosciences, San Jose, CA). 5,000 (apoptosis) or 10,000 (H,O,) gated
events were recorded in each sample.
9. Chromatin immunoprecipitation (ChIP) Assays

ChIP assay was performed according to the kit protocol (Upstate Biotechnology,
Lake Placid, NY), as described elsewhere (Han et al, 2016). After treatment of cells,
formaldehyde was added to cross-link DNA and protein. PCR was done using the
primers for LXRE. 10% of cross-linked lysates were used as input. The primers used in
the PCR assays are listed in Table 1.
10. Reporter Assays

For luciferase assays, the region containing -1400 bp of the mouse Ch2 gene was
cloned into the pGL3 luciferase vector (pGL3-CB2). A mutation of LXRE was done by
deleting the sequence of LXRE2 binding element. AML12 cells were transfected with
pGL3-CB2 or pGL3-CB2 mutant with LXRE2 deletion (pGL3-CB2-LXRE2 del), and

luciferase activity was measured (Promega, Madison, WI). For USP4-3'UTR reporter
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assays, the miRNA 3’UTR target clone (Luc-USP4-3’UTR) containing firefly luciferase
and renilla luciferase (an internal control) was commercially from GeneCopoeia
(Product ID: HmiT055448-MTO01, Rockville, MD). The Luc-USP4-3’UTR clone and
miR-27b mimic (or ASO) were co-transfected FuGENE® HD Reagent (Roche,
Indianapolis, IN). The activities of Firefly and renilla luciferase were measured
sequentially using Luc-Pair miR Luciferase Assay kit according to the protocols
(GeneCopocia, Rockville, MD). Luciferase activities were normalized to those of
Renilla luciferase.
11. Immunoprecipitation

Immunoprecipitation was done according to previous report (Kang et al., 2012).
AMLI12 cells were transfected with His-tagged ubiquitin. After treatment, cell lysates
were incubated with antibody against TBRI antibody (4°C for overnight). The antigen-
antibody complex was pulled down by protein G-agarose (4°C for 2 h), followed by
solubilizing in 2x Laemmli buffer and boiling for 5 min. The immunoprecipitation were
resolved by SDS-PAGE and were developed with antibodies against ubiquitin or TBRI.
12. Plasmid, miRNA mimic, miRNA ASO and siRNA transfection

Flag-tagged-USP4 was purchased from Origene (RC224586, Rockville, MD) and
Myc-tagged DN-AMPK was a gift from Dr J. Ha (Kyung Hee University, Korea). MiR-
27b  mimic (sense: 5’-UUCACAGUGGCUAAGUUCUGC-3’, antisense: 5°-

AGAACUUAGCCACUGUGAAUU-3’) or miR-27b ASO (5-
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GCAGAACTTAGCCACTGTGAA-3’) were used for miR-27b modulation. The
scrambled control mimic (sense: 5’-GCAAUUUGGCGUCCUCCACUAA-3’, antisense:
5’-AGUGGAGGACGCCAAAUUCCCU-3’) or control ASO (5°-
CCTTCCCTGAAGGTTCCTCCTT-3") were used for mock transfection. All
nucleotides were 2’-O-methyl modified. Plasmid transfection (100 nM) was done using
FuGENE® HD Reagent (Roche, Indianapolis, IN). For siRNA transfection, cells were
transfected with siControl or siPKA (or siLKB1) (Santa Cruz, CA) using AMAXA
nucleofection system (Lonza, K6ln, Germany).
13. PKA Activity

PKA activity was done using a commercial kit from Enzo Life Sciences
(Farmingdale, NY). 30 ug samples were loaded in the microtiter plate, followed by ATP
addition (10 pg). Antibody against phosphorylated substrate was added after termination
of the kinase reaction, followed by binding with peroxidase-conjugated secondary
antibody. The color was developed using tetramethylbenzidine substrate, and reaction
was stopped by adding acid stop solution. Intensity of the color was measured at 450 nm
by using a microplate reader (Tecan, Durham, NC).
14. MTT Assay

MTT assay was used to measure cell viability as described previously (Wu et al.,
2014). HepG2 cells were plated and incubated in a 48-well plate. After drug treatment,

MTT was added to stain living cells (0.25 mg/mL, 0.25-1 h). The culture media were
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removed, and DMSO (200 pL) were added to produce formazan crystals. Absorbance
was measured (540 nm) using a microplate reader (Tecan, Research Triangle Park, NC).
The viability of cells was defined by normalizing to untreated control.
15. Determination of GSH content

Cellular GSH content was determined using a commercial kit (Oxis International,
Portland, OR), and GSH content was measured as described previously (Choi et al.,
2010).
16. Data Analysis

For animal experiment and cell-based assays, data represent the mean = SEM.
Statistical significance was calculated using Student’s t-test or one-way analysis of
variance (ANOVA) test for multiple comparisons. Coefficients of correlation (r) were
determined by the Pearson analysis. Statistical calculations of Pearson’s correlation
were performed using SPSS 22.0. P values of <0.05 were considered significantly

different.
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I11. Results

1. PKA-GSK3p pathway for hepatocyte survival
1.1 PKA-dependent LKBI1 activation by MB and AMPK activation

MB prevents ROS formation by combining electron leaked from mitochondrial
electron transport (Atamna et al., 2008). LKB1 mediated AMPK activation plays
important roles in maintaining energy homeostasis (Jeon et al., 2012; Shaw et al., 2005).
Many antioxidants (e.g., metformin, polyphenols and flavonoids) can activate LKBI1-
AMPK and consequently protect hepatocytes from injury (Shaw et al., 2005; Kim et al.,
2012; Choi et al., 2010). Therefore, whether MB can also activate the LKB1-AMPK
signaling was measured. MB increased the phosphorylation LKB1 time-dependently
(Fig. 1A). Since PKA may phosphorylate and activate LKB1 (Collins et al., 2000),
whether knockdown of PKA in HepG2 cells can block MB-mediated LKBI
phosphorylation was examined. siPKA knockdown totally prevented MB to
phosphorylate LKB1 (Fig. 1B). The results here suggest that PKA is required for LKB1
activation by MB.

Next, AMPK phosphorylation was examined. MB treatment enhanced both AMPK
and its substrate, acetyl-coA carboxylase (ACC) phosphorylation notably (Fig. 1C).
Moreover, the ability of MB to activate AMPK was eliminated upon LKB1 knockdown
or in LKB1 deficient HeLa cells (Fig. 1D). Collectively, these results indicate that MB

can activate AMPK via LKB1, which is downstream from PKA.
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Figure 1. MB activates LKB1-AMPK, downstream of PKA
(A) Immunoblottings of LKB1 phosphorylation were done on the lysates of HepG2 cells

treated with 1 uM MB in a time-dependent manner.
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(B) HepG2 cells were incubated with 1 pM MB in a time-dependent manner as
indicated after siRNA transfection for PKA (or control) (100 nM, 48 h). Protein levels
of phosphorylated (or total) LKB1 and PKA were measured.
(C) Immunoblottings for phosphorylated (or total) AMPK and ACC were done on the
cell lysates treated as in panel A.
(D) Left panel: HepG2 cells were treated with 1 uM MB for 6 h after siLKB1 or siCON
transfection (100 nM, 48 h). Right panel: HepG2 or the LKB1 deficient HeLa cells were
treated with 1 uM MB for 6 h. Immunoblottings for protein levels were measured on the
cell lysates.

Data represent the mean + SEM of at least three separate experiments. Significantly
different as compared with experimental control: *P<(.05, **P<0.01, n.s., not

significant.
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1.2 Dual regulation of GSK3[ downstream of PKA

AMPK activation has been shown to protect mitochondria and contribute to cell
viability via GSK3p inhibition (Choi et al., 2010). Therefore, whether MB facilitated
GSK3p inhibition was assessed. As a result, MB treatment enhanced GSK3[3
phosphorylation at S9 (inhibitory phosphorylation) and decreased GSK3p
phosphorylation at Y216 (active phosphorylation) (Fig. 2A). Accordingly, the activity of
GSK3, reflected by the ratio of Tyr/Ser GSK3p, decreased throughout the time of MB
treatment.

According to the results, the S9 phosphorylation of GSK3[ occurred at around 30
min, which is earlier than LKB1 and AMPK phosphorylation (1 h and 3 h, respectively).
Moreover, functional inactivation of AMPK could not block the upregulation of S9-
GSK3fB S9 at 1 h MB treatment, where it did so at 12 h (Fig. 2B), suggesting that
increased S9-GSK3p at early time (30 min-1 h) by MB is not mediated by AMPK,
whereas the later time (6 h-24 h) may depend on AMPK. We determined whether PKA
is responsible for the molecular event, since PKA can inhibit GSK3B via S9
phosphorylation (Fang et al., 2000). As expected, siPKA transfection or PKA inhibitor
H89 pretreatment completely blocked GSK3p S9 phosphorylation by MB after 1 h
treatment (Fig. 2C), indicating that PKA is the kinase responsible for GSK3p S9
phosphorylation at early time (i.e. 0.5-1 h), and LKB1-AMPK controls GSK3f3 S9

phosphorylation at later time (6-24 h), which is also derived from PKA.
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Figure 2. MB inhibits GSK3p activity
(A) Immunoblottings were done on HepG2 cell lysates treated with 1 uM MB as
indicated.
(B) Cells were treated with MB (1 uM, for 1 or 12 h) after DN-AMPK transfection.
(C) HepG2 cells were treated with MB (1 uM for 1 h) after indicated siRNAs
transfection (100 nM, 48 h) or 1 uM H&89 pretreatment for 30 min.

Data represent the mean = SEM of three or four separate experiments. Significantly
different as compared with experimental control: *P<0.05, **P<0.01, n.s., not

significant.
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2. LXRa-associated pathway for hepatocyte survival and involvement of PKA
2.1 The impact of LXRa on hepatocyte protection

To understand the role of LXRs in liver injury, gene expression omnibus (GEO)
database was used to analyze the mRNA levels of LXRa and LXRS in several liver
injury models. These liver injury models include toxicant challenged human primary
hepatocytes or mouse liver (GSE13430, GSE17184), and very early HCC or cirrhosis
conditions in human liver (GSE6764, GSE25097). Our data showed that LXRa
significantly decreased in different liver damage conditions (Fig. 3A). As a contrast, the
level of LXR was not significantly changed (Fig. 3A).

To characterize whether LXRa activation protect against toxic liver injury, the
effects of GW3965 (LXRa agonist) on acute CCls induced liver damage in mice were
measured. TUNEL staining showed pretreatment of GW3965 decreased hepatocyte
apoptosis induced by CCl, (Fig. 3B left). CCls induced alternations in apoptosis/survival
markers (cleaved-caspase 3, cleaved-PARP and pAKT) were all blunted by GW3965
(Fig. 3B right), confirming the liver-protective effects of LXRa activation. Next, LXRa
knockout mice (LXRa™) were applied to specify the role of LXRa in hepatocyte
protection. LXRa”" mice showed exacerbated hepatocyte apoptosis and injury as
evidenced from TUNEL, H&E staining and apoptosis/survival markers alternations (Fig.
3C), suggesting LXRao absence exacerbates hepatocyte injury. These data suggest that

LXRa expression is a determinant for protecting hepatocyte and liver.
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Figure 3. LXRa protects hepatocytes against toxicant induced injury
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(A) mRNA levels of LXRa and LXR 3 were analysed by using several liver injury related
GEO database (GSE13430, GSE17184, GSE6764 and GSE25097). Data represent the
mean £ SEM. Significantly different as compared with experimental control: **P<0.01;
**#*P<0.001. n.s., not significant; Veh, vehicle; APAP, acetaminophen; ConA,
concanavalin A.
(B) Mice (n = 5/group) were orally administered with GW3965 (10 mg/kg/day) for 3
days and were injected with CCls. Mice were sacrificed 24 h thereafter. Apoptotic
hepatocytes were detected by TUNEL staining of the liver sections (left panel; scale bar
= 100 pm) and liver protein levels of death/survival markers were measured (right
panel).
(C) WT and LXRo”” mice were intraperitoneally injected with CCly for 4 weeks (n =
5/group). TUNEL and H&E stainings (scale bar = 100 pm) were done on liver tissue
and liver protein levels of death/survival markers were measured.

For B-C, values below blots represent relative fold change compared with

experimental control; quantification is normalized to actin (loading control).
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2.2 LXRa protection of hepatocytes against TGFB-induced apoptosis

Above results have demonstrated that activation of LXRa protects liver against
toxicant induced hepatocyte death and injury. In addition, knockdown of LXRa
amplifies the levels of hepatocyte death and liver injury. In the following study, the
research aim focused on the molecular mechanism by which LXRa exerts its protective
effects on hepatocyte. To investigate the underlying molecular basis of hepatocyte
protection by LXRa, we used a GEO database studying the altered expression of liver
genes upon LXR knockdown (GSE38083). The hepatic gene expression profiles in LXR
knockout mice were analyzed and DEGs (P<0.05 with fold change over 2 or under 0.5)
were extracted in LXR knockout mice comparing to wild type mice. The upregulated
DEGs were then subjected into the pathway analysis using KEGG database. As a result,
the pathways related with cytotoxicity (e.g., “natural killer cell mediated cytotoxicity”),
drug metabolism (e.g., “drug metabolism-cytochrome P450” and “metabolism of
xenobiotics by cytochrome P450”) and inflammation (e.g., “chemokine signaling”)
were enriched in the upregulated DEGs (Fig. 4 left). The DEGs increased in LXR™"
mice liver were further subjected to gene network analysis. According to the gene
network, TGFf signaling (TGFBR1 and TGFBR2) appeared to be a bridge in the core
network (Fig. 4 right). Giving the known fact that TGFP is associated with ROS
production and promotes hepatocyte apoptosis (Black et al., 2007), the results suggest

that the cytoprotective role of LXRa may be involved in inhibition of TGFJ signaling.

28



—lognP e eeeeesemeeeee e ———
Enriched pathways of 4
up-regulated genes MLF1 RRAD
LRRK2 ~ GFAP

Natural killer cell mediated cytotoxicity REM1 o | % o
Drug metabolism -cytochrome P450 e *Q RPS6KAS5 :
Metabolism of xenobiotics by cytochrome P450 " WHAZ “* wo GSTA2 1
B cell receptor signaling pathway o H
b1 “HIST1H2A0!

Leukocyte transendothelial migration
Retinol metabolism

Fc epsilon Rl signaling pathway

Fc gamma R-mediated phagocytosis
Systemic lupus erythematosus
Asthma

Drug metabolism - other enzymes
Intestinal immune network for IgA production
Viral myocarditis

Cell adhesion molecules (CAMs)
Chemokine signaling pathway
Fructose and mannose metabolism
Steroid biosynthesis

Hematopoietic cell lineage
Regulation of actin cytoskeleton
Non-small cell lung cancer
Phosphatidylinositol signaling system
Allograft rejection

Cell cycle

Colorectal cancer

Linoleic acid metabolism

Terpenoid backbone biosynthesis
Autoimmune thyroid disease
Glutathione metabolism

T cell receptor signaling pathway
Focal adhesion

Cytosolic DNA-sensing pathway
Primary immunodeficiency

Mouse liver (LXR KO/WT, GSE38083)

Core network

RGNEF 7 RINY
PAFAH1B1 KeR1

®0

IQGAP1

r

PTPN11 s =
o y

DOK&n

TRIM27 DOK1
& =0 ABLY

EPOR

Figure 4. LXRa antagonizes TGFf signaling

A GEO database (GSE38083) of LXR knockout mice liver comparing to wild type
mice liver was selected for analysis. Upregulated DEGs were extracted according to
specific fold change or P value as described in the material and methods. Metabolic
pathways analysis of upregulated DEGs was done using KEGG database (left panel).
Gene interaction network was obtained by using Mentha software and Cytoscape 3.0.0

software (right panel).
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Giving the predicted antagonistic relationship between LXRa and TGFp, we next
examined whether GW3965 can inhibit TGFP signaling. As expected, GW3965
attenuated TGFp-induced phosphorylation on Smad2 and Smad3 (Fig. 5A),
corroborating the possibility of LXRa to inhibit TGFp signaling. Treatment of AML12
cell with TGFp significantly induced apoptosis according to TUNEL staining results,
and the apoptosis was decreased by GW3965 pretreatment (Fig. 5B). Besides, the
cytoprotective effect of GW3965 was also verified by FACS analysis of FITC-Annexin
V/PI fluorescence. At 24 h after TGFp treatment, up to 21.7% (Annexin V'/PI') and 8.2%
(Annexin V'/PI") of AML12 cells underwent early and late apoptosis respectively, while
GW3965 pretreatment attenuated the populations of both early and late apoptotic cells
(Fig. 5C), indicative of LXRa activation rescue of the hepatocytes from death. In
addition, TGFB-induced the alternations of apoptotic/survival protein markers were
reversed by GW3965 in both mouse primary hepatocytes and AML12 cells (Fig. 5D).
Moreover, apoptosis marker cleaved-caspase 3 was more significantly increased by
TGFp in LXRa”" mouse primary hepatocytes comparing to that of WT mice, indicating
a susceptibility of LXRa to the level of TGFP (Fig. SE). These results confirmed the
antagonistic relationship between LXRo and TGFB by demonstrating that LXRa
activation protects hepatocytes from TGFp-induced death, and LXRa is required for

maintaining hepatocyte viability.
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Figure 5. LXRa protects hepatocytes against TGFB-induced apoptosis

(A) AMLI12 cells were treated with GW3965 (3 uM) for 1 h, followed by 30 min

incubation of TGFB (5 ng/mL). Protein levels of TGF downstream representative

signaling markers, phosphorylations of Smad2 and Smad3, were measured by

immunoblotings.
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(B) AMLI12 cells were treated with 3 uM GW3965 for 1 h, followed by incubating with
5 ng/mL TGFp for 24 h and TUNEL assay was carried out. TUNEL-positive cells were
counted and data represent the mean + SEM of three replicates.
(C) AML12 cells were treated as described in panel B. Cells were then subjected to
FITC-Annexin V/PI staining and fluorescence were measured by flow cytometry. Values
represent three separate experiments.
(D) Mouse primary hepatocytes or AMLI12 cells were treated as described in panel B.
Protein levels of apoptosis/survival markers were measured by immunoblottings.
(E) Primary hepatocytes were isolated from wild type or LXRa~ mice, and were
exposed to TGFp (0.05 ng/mL, 0.5 ng/mL or 5 ng/mL) for 24 h (upper panel) or with 5
ng/mL TGFf for 24 or 36 h (lower panel). Protein levels of cleaved-caspase 3 were
measured.

For A, D and E, values below blots represent relative fold change compared with

experimental control; quantification is normalized to actin (loading control).

32



2.3 Positive correlation between LXRa and CB2 in liver injury conditions

Having identified the hepatocyte protective effects of LXRa, we next investigated
which downstream molecule(s) might be responsible for the effects shown by LXRa.
Through analyzing the mouse gene expression database (GSE25583) of CCls
administrated-mice liver, hepatic gene expression patterns in mice with or without CCl4
treatment were clustered to place rows with similar response patterns near each other.
The hierarchical cluster with closest expressional relevance to LXRa contained 21
genes, 7 of which (Lxra, As3mt, Acads, Tek, Cb2, F5 and Dhcr24) were identified as
“response to stress/stimulus” term according to gene ontology analysis (Fig. 6A). To
validate the prediction of microarray analysis in hepatocytes, the expression of these
genes in mouse primary hepatocytes isolated from acute CCls-administrated liver were
measured. Noticeably, mRNA levels of Lxra, Cb2 and Dhcr24 in hepatocytes were
significantly decreased in CCls treatment group, whereas As3mt, Acads, Tek and F5
showed no significant differences (Fig. 6B). As a result, Lxra levels were highly
correlated with Ch2 (Fig. 6B). Consistently, the protein levels of LXRa and CB2 in
hepatocytes were also decreased in CCly treatment group with positive correlation (Fig.
6C). Moreover, the positive correlation of LXRa-CB2 can also be observed in both
human and mouse hepatitis liver (GSE20140 and GSE17184) (Fig. 6D). Since Dhcr24
is an established LXRo target gene (Wang et al, 2008), we then focused on

investigating whether LXRa might regulate CB2.
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Figure 6. LXRa positively correlates with CB2 in liver injury conditions

(A) Heat map and hierarchical correlation analyses of the genes in the cDNA microarray
obtained from GEO database (GSE25583). Genes’ response patterns by CCls compared
with control group were presented using a heat map with hierarchical correlation (blue,

downregulation; and red, upregulation). 1% LXRa-relevant genes were noted (purple
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dots showing genes belong to “response to stress/stimulus” term upon gene ontology
analysis).

(B) Mice were injected with vehicle or CCly for 24 h (n = 4/group). Primary hepatocytes
were isolated and Lxra and relevant genes were measured by qRT-PCR assays.
Correlation between Lxra and Cb2 were analysed. Coefficients of correlation were
determined by the Pearson analysis. Data represent the mean + SEM. Significantly
different as compared with experimental control: **P<0.01. n.s., not significant.

(C) Protein levels were detected in mouse primary hepatocytes treated as in panel B.
Correlation between LXRa and CB2 were analysed. Values below blots represent
relative fold change compared with experimental control; quantification is normalized to
actin (loading control).

(D) Correlations between LXRa and CB2 in a large cohort of hepatitis patients
(GSE20140) (n = 307) and mouse hepatitis liver (GSE17184) were determined.

Coefticients of correlation were determined by the Pearson analysis.
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2.4 LXRa transcriptional regulation of CB2

Since LXRa is ligand-activated receptor, the positive correlation between LXRa
and CB2 in liver injury prompted us to determine whether a pharmacological activation
of LXRa would have an inducible effect on CB2. To test the possibility in vivo, mice
were orally administrated with GW3965, and CB2 levels were increased (Fig. 7A).
Next, whether LXRa activation was able to increase CB2 expression in cell-based
models were determined. In AMLI12 cells treated with GW3965, CB2 expression
increased both in time and concentration-dependent manner (Fig. 7B). Consistently,
another LXRa agonist T090 also enhanced CB2 protein level (Fig. 7B). Furthermore,
GW3965 could also increase CB2 protein level in mouse primary liver cells, and this
increase was abolished in primary hepatocytes from LXRa” mice, suggesting CB2
upregulation by GW3965 is LXRa-dependent (Fig. 7C). Moreover, overexpression of
LXRa led an increased CB2 level in HEK293 cells (Fig. 7D). These results provide a
possibility that LXRa activation may modulate CB2 expression both in vitro and in

vivo.
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Figure 7. LXRa upregulates CB2 both in vivo and in vitro
(A) Hepatic CB2 levels were measured in GW3965-administered mice.
(B) AMLI12 cells were treated with LXRao agonists (GW3965 or T090) as indicated.
(C) CB2 immunoblottings in primary hepatocytes treated with GW3965 (3 uM, 24 h).
(D) HEK293 cells were transfected with the plasmid overexpressing Myc-LXRa or
Mock (1 pg, 6 h). Protein levels of CB2 and Myc were detected on cell lysates.

For B-D, values below blots represent relative fold change compared with

experimental control; quantification is normalized to actin (loading control).
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Having identified the increased CB2 protein expression by activation of LXRa, we
next wondered whether the increased protein level is associated with increased Cbh2
transcription. The Ch2 mRNA levels in both in vivo and in vitro upon LXRa activation
were measured. Experiment results showed that LXRa activation induced Cb2 mRNA
expression in both mouse liver and AML12 cells (Fig. 8A). LXRa is a transcription
factor regulating target genes via transcriptionally regulation. So we hypothesized that
LXRo may modulate CB2 expression via transcriptional regulation. Three putative
LXRE motifs were found in Ch2 gene promoter. To examine the physiologic occupancy
of LXRa on the Ch2 promoter, ChIP assay was performed. GW3965 induced LXRa
occupancy at the -784 bp site (LXRE2) as verified by qPCR analysis (Fig. 8§B). In
addition, GW3965 significantly enhanced the luciferase activity of the reporter construct
containing -1.4 kb mouse Ch2 gene. However, transfection of a mutated vector with
LXRE2 deletion abrogated the ability of GW3965 to trans-activate Cb2 promoter
activity (Fig. 8C). Together, these data demonstrate that LXRa transcriptionally controls

Cbh2 gene expression.
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Figure 8. LXRa transcriptionally regulates CB2
(A) qRT-PCR assays of Cb2 were done on GW3965-administered liver samples treated
as in Fig. 7A (left panel) or in the GW3965 treated AML12 cells (3 uM, 24 h) (right

panel).



(B) Three LXREs were found on the promoter of mouse Cb2 gene. ChIP assays were
performed as described in the materials and methods. LXRa and LXRE binding was
verified by qPCR assays.
(C) The luciferase activity of CB2 gene promoter was measured in GW3965-treated
AMLI12 cells following transfection with pGL3-CB2 construct or mutant construct with
LXRE2 deletion (1 pg, 24 h).

For A-C, data represent the mean = SEM of at least three separate experiments.
Significantly different as compared with experimental control: *P<0.05, n.s., not

significant.
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Previous results have demonstrated a protective effect of LXRo on hepatocyte
survival, as well as that LXRa regulates Ch2 gene expression. Next, we wanted to
explore that whether CB2 is involved in the cytoprotective effects of LXRo.. CB2 has
been reported have many beneficial effect on liver, such as preventing alcohol-mediated
liver injury and fibrosis (Louvet et al., 2011; Mufioz-Luque et al., 2008). Whether CB2
can limit TGF mediated hepatocyte apoptosis has not been studied. In the current study,
the effect of CB2 activation on TGF induced apoptosis was examined. Consequently,
CB2 agonist JWH133 attenuated TGFf induced cleaved-caspase 3 (Fig. 9A), suggesting
CB2 protects hepatocytes against TGFP induced apoptosis. Importantly, CB2 inverse
agonist SR144528 reversed the effect of GW3965 against TGFB (Fig. 9B), suggesting
the requirement of CB2 for LXRa to protect hepatocytes. Our data strengthen the
concept that LXRa activation, via CB2 induction, plays a critical role in antagonizing

hepatocyte apoptosis to TGF stimulus.
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Figure 9. LXRa protection of hepatocytes is CB2-dependent
(A) AMLI12 cells were incubated with 1-10 uM JWH133 for 1 h, followed by TGFf
treatment for 24 h. Protein levels of apoptosis marker cleaved-caspase 3 were examined
in the AML12 cell lysates.
(B) AMLI12 cells were incubated with SR144528 (4 uM, 30 min), and were treated with
GW3965 (3 uM for 1 h), followed by exposure to TGF[ for 24 h. Cleaved-caspase 3
immunoblottings were measured.

Values below blots represent relative fold change compared with experimental

control; quantification is normalized to actin (loading control).
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2.5 Inhibition of USP4 and TRRI by LXRa and CB2

Having identified the LXRa-CB2 pathway for hepatocyte protection, attention was
paid to the molecular basis downstream of CB2. Inhibition of TGFf receptor 1 (TBRI)
in hepatocytes diminished CCls induced liver damage (Karkampouna et al., 2016), and
ubiquitin modification of TPRI is a key mechanism of TGFf signaling control
(Aggarwal and Massagué, 2012). We examined whether LXRa facilitate TPRI
ubiquitination. Immunoprecipitation indicated that LXRao activation enhanced TPRI
ubiquitination in AML12 cells, and as a result attenuated protein level of TBRI in whole
cell lysates (Fig. 10A). Moreover, treatment of the cells with GW3965 accelerated
cycloheximide (CHX, a general protein synthesis inhibitor) mediated TBRI degradation,
which can be blocked by CB2 inverse agonist SR144528 (Fig. 10B). These results
demonstrate that LXRa repress TPRI protein stability through CB2.

It has been shown that USP4 amplifies TGFB signaling by acting as a
deubiquitylating enzyme and stabilizer for TBRI (Zhang et al., 2012). We next explored
whether LXRa and CB2 could modulate the level of USP4. Protein level of USP4
decreased in GW3965 or JWH133 treated mouse primary hepatocytes (Fig. 10C). Of
note, CB2 inverse agonist SR144528 blocked LXRa’s repressive effect on USP4 (Fig.
10C), suggesting LXRo may negatively regulate USP4 through CB2. Furthermore,
overexpression of USP4 attenuated GW3965’s cytoprotective effects against TGFp (Fig.

10D), supporting that LXRa may repress USP4-mediated TPRI through CB2.
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Figure 10. LXRa inhibits USP4-mediated TBRI stabilization via CB2

(A) AMLI12 cells were transfected with His-tagged ubiquitin (His-Ubi), followed by
incubating 3 uM GW3965 for 24 h. MG132 (proteasome inhibitor, 10 uM) was added 6
h prior to lysis. TBRI protein complex were immunoprecipitated with anti-TBRI
antibody and were immunoblotted with antibodies against ubiquitin or TPRIL
Immunoblottings of TRRI and actin were measured in the whole cell lysates (WCL).

(B) Left panel: AMLI12 cells were incubated with CHX (protein synthesis inhibitor, 20
pg/mL) for the indicated times (0, 1, 3 and 6 h) with or without GW3965 pretreatment
(3 uM, 30 min). Right panel: cells were incubated with SR144528 (4 uM, 30 min) and
were treated with 3 uM GW3965 for 30 min, followed by CHX exposure for 6 h. TBRI

was immunoblotted on the lysates.
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(C) Immunoblottings for USP4 were measured on mouse primary hepatocytes treated
with indicated concentration of GW3965 or JWH133 (left panel) for 24 h. AML12 cells
were pretreated with SR144528 (4 puM, 30 min), followed by incubation of 3 uM
GW3965 for 24 h (right panel).
(D) AMLI12 cells were transfected with Flag-tagged USP4 (1 ug, 24 h), and were
exposed to TGFP for 24 h with or without GW3965 pretreatment (3 uM, 1 h). Protein
levels of cleaved-caspase 3 and flag-tag were measured in the cell lysates.

For B-D, values below blots represent relative fold change compared with

experimental control; quantification is normalized to actin (loading control).
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2.6 USP4 as a novel target of miR-27b

To investigate how LXRa-CB2 represses USP4, we determined whether it was
through miRNA regulation. By comparing the 44 top decreased miRNAs in CCly
challenged mouse liver (Knabel et al., 2015) with candidate miRNAs that can
potentially target to USP4 (microrna.org), a group of miRNAs were extracted (Fig.
11A). Among them, miR-27b was significantly increased by CB2 agonist JWH133
treatment (Fig. 11B). Moreover, CB2 inverse agonist SR144528 blocked the increased
effect of LXRa agonist on miR-27b level (Fig. 11C), suggesting the possibility that
LXRa increases miR-27b through CB2.

As a continuing effort to determine whether miR-27b inhibit USP4 by directly
interacting with the 3'-UTR of USP4, the luciferase expression from Luc-USP4-3'-UTR
construct after miR-27b mimic (or ASO) transfection was measured. MiR-27b mimic
transfection decreased the luciferase activity, whereas miR-27b ASO transfection
increased the luciferase activity (Fig. 11D). The effects of miR-27b modulation on
USP4 protein levels were further assessed. As expected, transfection of miR-27b mimic
repressed USP4 and miR-27b ASO had the opposite effect (Fig. 11E), suggesting that
miR-27b has the ability to directly inhibit USP4. Further result showed CB2 mediated
USP4 inhibition was attenuated by miR-27b ASO transfection (Fig. 11F), suggesting

miR-27b contributes to CB2 mediated USP4 inhibition.
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(A) Left panel: an overlapping of top 44 decreased miRNAs identified in CCly treated

mouse liver (1 mL/kg, 8 weeks) (Knabel et al., 2015) and predicted miRNAs targeting
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mouse USP4 (microRNA.org). Right panel: A list of overlapped miRNA candidates of
two groups.
(B) AMLI2 cells were treated with 10 puM JWH133, the levels of miRNA candicates
were examined by qRT-PCR assays.
(C) The level of miR-27b was determined by qRT-PCR assays in AMLI12 cells treated
as in Fig. 10C right.
(D) Luciferase activity in AML12 cells co-transfected with miR-27b mimic (or ASO)
and Luc-USP4-3’UTR construct.
(E) USP4 protein levels were examined in AMLI2 cells transfected with miR-27b
mimic (or ASO).
(F) AML12 cells were transfected with miR-27b ASO for 48 h, and were treated with
JWH 133 (10 uM, 24 h). Values below blots represent relative fold change compared
with experimental control; quantification is normalized to actin (loading control).

For B-E, data represent the mean + SEM of three separate experiments.
Significantly different as compared with experimental control: *P<0.05; **P<0.01. n.s.,

not significant.
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2.7 Role of PKA in LXRa associated signaling transduction

Next, we wondered the mechanism of miR-27b upregulation and USP4 repression
by CB2 agonist. As a G-protein-coupled receptor, CB2 is catagorized into Gi,-coupled
receptors that are classically associated with decreased cAMP formation and consequent
PKA inhibition. However, CB2 agonist JWHO15 has been reported that can significantly
increase cAMP (~10 fold) level from 2 h to 48 h (Borner et al., 2009), suggesting CB2
modulation on PKA activity is bifacial. In our study, GW3965 treatment raised basal
PKA activity in AMLI12 cells (Fig. 12A), and CB2 agonist increased creb
phosphorylation, an indicator of PKA activity (Fig. 12B). These data indicate that LXRa.
and CB2 may increase PKA activity. Moreover, whether PKA affect USP4 repression
was determined. PKA inhibitor H89 blocked JWH133’s ability in decreasing USP4 and
TBRI (Fig. 12C), suggesting a requirement of PKA in the signaling transduction
downstream of CB2. Consequently, the role of PKA in mediating LXRa’s beneficial
effect was examined. PKA knockdown reversed the cytoprotective effect of LXRa
activation (Fig. 12D), suggestive of the critical role of PKA in mediating the survival

signal downstream of LXRa and CB2.
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Figure 12. Involvement of PKA
(A) AMLI2 cells were treated with GW3965 (3 uM) for 3 h, and PKA activity was
determined. Data represent the mean = SEM of three separate experiments. Significantly
different as compared with control: *P<0.05.
(B) AMLI12 cells were treated with 3 pM JWHI133 for the indicated times, and
immunoblotting for the phosphorylation of creb was measured in the cell lysates.
(C) AMLI2 cells were treated with H89 (1 uM, 30 min) followed by treatment of 10
uM JWH133 for 24 h, the immunoblottings for USP4 and TBRI were measured .
(D) AMLI12 cells were exposed to TGFB for 24 h with or without 3 pM GW3965
pretreatment after siRNA for PKA or control transfection (100 nM, 48 h). Protein levels
of cleaved-caspase 3 were measured.

For B-D, values below blots represent relative fold change compared with

experimental control; quantification is normalized to actin (loading control).
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3. Pharmacological applications
3.1 MB protection of hepatocyte and liver, and the role of PKA

Above sections have demonstrated that PKA mediated the dual GSK3[ inhibition
by MB. Following study then focused on the pharmacological applications of MB for
preventing hepatocyte injury. To determine whether MB can protect cell against
hepatocyte death, a previous published cell death model combining arachidonic acid
(AA, 10 uM) and iron (5 uM) was used (Shin and Kim, 2009). MTT assay
demonstrated that MB pretreatment could protect cells from the injury (Fig. 13A).
Changes in the levels of apoptosis markers also cooperated with the cytoprotective
effects of MB (Fig. 13B). In addition, GSH depletion, an indicator of ROS formation
during apoptosis, was reversed by MB pretreatment (Fig. 13C), indicating MB can help
maintaining redox homeostasis. Moreover, DCFH-DA assay indicated that MB could
abolish AA + iron-increased H»O; production (Fig. 13D). Taken together, these results
support cytoprotective effects of MB. Additionally, whether PKA activity was altered in
the MB’s protective effect against AA + iron was demonstrated. Phosphorylation of
PKA catalytic subunit at threonine residue is a key step for PKA activation (Steinberg et
al., 1993), and current study demonstrated AA + iron stimuli lead a reduced PKA
threonine phosphorylation, that can be reversed by MB pretreatment (Fig. 13E), being

in line with the beneficial effect of PKA against ROS.
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Figure 13. MB protects hepatocyte viability in a PKA-dependent manner
(A) HepG2 cells treated with 0.01-1 uM MB were incubated with 10 uM AA and were
exposed to 5 uM iron as indicated. MTT assays were measured for cell viability.
(B) Immunoblottings of survival/apoptosis related markers in HepG2 cells treated as in
panel A.
(C) Intracellular GSH content were measured.
(D) H20; production was determined by flow cytometry.
(E) PKA immunoprecipitates were measured with antibodies against phosphorylated
threonine or PKA.

For A and C, data represent the mean + SEM of three separate experiments.

Significantly different as compared with experimental control: **P<0.01 or AA + iron

group: #P<0.05, ##P<0.01.
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Having demonstrated the in vitro cytoprotective effects of MB, then we wondered
whether MB has similar protective effects in mice liver. To examine MB’s ability on
liver protection in vivo, the effects of MB on acute CCls (48 h)-induced liver injury were
determined in C57BL/6 mice. MB pretreatment significantly attenuated CCls-induced
liver injury as shown from the improved H&E staining (Fig. 14A), decreased serum
ALT and AST activities (Fig. 14B). In addition, MB also antagonized the CCls-induced
upregulation of serum TNFa and Interleukin 1 B (IL1P) (Fig. 14C), as well as liver
inducible nitric oxide synthase (iNOS) and cyclooxygenase 2 (COX2) protein levels
(Fig. 14D), suggesting the anti-inflammatory effects of MB. Overall, these results
demonstrate that MB protects hepatocyte and liver bot in vitro and in vivo from

toxicants induced injury.
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Figure 14. MB protects liver against CCls induced injury
(A) Mice (n = 4/group) were orally administered with MB and were intraperitoneally
injected with CCl4 for 48 h. H&E staining were done on liver tissues.
(B) Serum ALT and AST activities.
(C) TNFa and IL1f contents in serum.
(D) Immunoblottings for iNOS and COX2 were done on liver homogenates.
For B and C, data represent the mean = SEM. Significantly different as compared

with experimental control: **P<0.01 or CCls group: #P<0.05, ##P<0.01.
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3.2 Liver protection by hepatocyte delivery of LXRa

Above sections have demonstrated LXRa’s hepatocyte protective effects against
TGFp induced apoptosis, then, the impact of hepatocyte LXRa on cell survival and
liver protection were examined. An albumin promoter-driven lentiviral vectors
expressing control or LXRa (LV-Con™ or LV-LXRa™") were employed to LXRa™
mice liver, followed by multiple CCls injection (4 weeks). Induction of LXRa was
verified by qRT-PCR (Fig. 15A). In LV-LXRo™® mice liver, attenuated hepatocyte and
liver injury were observed, as shown from the results of TUNEL staining, H&E staining
and immunoblottings of apoptosis/survival related markers (Fig. 15A). Concomitantly,
elevated hepatic CB2, miR-27b and decreased USP4 by LV-LXRa*" delivery were also
observed (Fig. 15B). Finally, the hepatic mRNAs of inflammatory cytokines were
significantly lessened (Fig. 15C). In conclusion, these data support the viewpoint that
hepatocyte delivery of LXRa decreases hepatocyte and liver injury, emphasizing the

important role of liver LXRa in hepatocyte protection.
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Figure 15. Hepatocyte delivery of LXRa attenuates CCly induced liver injury

(A) One week after lentiviruses injection with control (LV-Con®®) or LXRa. (LV-
LXRo™), liver injury were induced with multiple CCly (0.5 mL/kg, 1:20 in corn oil)
injection (n = 5/group, twice a week for 4 weeks). Hepatocyte apoptosis were
determined by TUNEL staining and liver histology was observed by H&E staining

(Scale bar = 100 um) (left panel). Survival or apoptosis related proteins levels were
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measured on mice livers (right panel). The level of LXRa was determined by qRT-PCR
assays (insert panel).
(B) Left panel: protein levels of CB2 and USP4 were measured on the same mice liver
samples as described in panel A. Right panel: the level of miR-27b was determined by
gRT-PCR assays.
(C) gRT-PCR assays for proinflammation relation genes (7gff, Tnfe, iNOS and 116)
were done on the same mouse liver samples as described in panel A.

For A-B, values below blots represent relative fold change compared with
experimental control; quantification is normalized to actin (loading control). For A-C,
data represent the mean = SEM. Significantly different as compared with experimental

control: *P<0.05.
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IV. Discussion

Acute and chronic liver injury is a growing worldwide problem. Hepatocyte death
is a major reason to cause liver diseases (Feldstein et al., 2003; Natori et al., 2001;
Malhi et al., 2010). Hepatocyte, the predominant liver cell, is especially vulnerable to
different toxic injuries due to its central role in xenobiotic metabolism including drugs,
nutrient metabolism and the enterohepatic circulation of bile acids (Malhi et al., 2010).
Different injuries on the liver activate the oxidative stress response and trigger
hepatocyte death signaling pathways, which can cause activation of other types of cells
(e.g., macrophage and hepatic stellate cell) to progress liver to inflammation, fibrosis
and irreversible damage (Martin-Murphy et al., 2010; Watanabe et al., 2007). Thus, a
tight regulation of functional hepatocyte may determine cell fate and organism survival.

PKA is a cAMP-dependent kinase and a fast signal sensor that plays a key role in
signal transduction and energy metabolism regulation. PKA has been demonstrated to
be protective in suppressing ROS formation via phosphorylating downstream substrates
(e.g., pro-apoptotic protein BAD and mitochondrial fission mediator Drpl) (Harada et
al., 1999; Cribbs and Strack, 2007). Also, antioxidant such as deferoxamine regulates
cell survival through PKA activation (Ryu et al., 2005). Current study demonstrates that
PKA mediates MB’s molecular signaling transduction by regulating LKB1 activation
and GSK3f inhibition. The results are consistent with the reports that PKA protects

hepatocyte against death receptor-induced apoptosis and ischemia/reperfusion-mediated
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liver injury (Wang et al., 2006; Ji et al., 2012).

MB has a more than 140 years’ long history with various applications. MB can
improve the hypotension associated with various clinical states (e.g., cardiac function in
septic shock) (Preiser et al., 1995). It also decreases ethanol-induced fatty liver and
improves liver cirrhosis and hepatopulmonary syndrome (Ryle et al., 1985; Schenk et
al., 2000). Undoubtedly, evidence for its use in liver protection is limited but worth for
more research. The current study used two approaches to measure MB’s cytoprotective
efficacy, 1) a severe oxidative stress cell model combining AA + iron, and 2) a toxicant
induced acute hepatitis model in mice. Results revealed MB’s bona fide effects in
protecting hepatocytes both in vitro and in vivo, and provide a novel pharmacological
effect of MB. GSK3f plays an important function in regulating cell cycle and apoptosis.
GSK3p can be activated by oxidative stress, DNA damage or ER stress, and promotes
cell apoptosis (Ngok-Ngam et al., 2013; Meares et al., 2011). By contrast, inhibition of
GSK3B can improve mitochondrial function through regulating mitochondrial
permeability transition pore (Petit-Paitel et al., 2009), and enables cell survival against
ischemia/reperfusion injury (Park et al., 2006). Hence, GSK3f inhibition represents
potential therapy for cell death. The present study demonstrate MB’s ability in inhibiting
GSK3p via dual phase-S9 phosphorylation controlled by PKA, consists with the

beneficial role of PKA in maintaining cell viability.
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Accumulating reports have suggested the beneficial effects and potential
therapeutic values of LXRs on various disease including metabolic disorders, circulatory
system diseases and cancer. LXR agonists improved insulin sensitivity in diabetic mice
through inhibition of hepatic gluconeogenesis and increasing peripheral glucose uptake
(Cao et al., 2003; Dalen et al., 2003). In another report, LXRs attenuated endotoxin-
induced NAFLD liver injury in mouse via reducing TNFa and iNOS expression (Liu et
al., 2012). In the field of circulatory system diseases, it is has been clearly established
that LXRs activation result in relieving atherosclerosis. Attenuation of atherosclerosis by
LXR agonists are associated with decreased inflammatory genes, reduced total
cholesterol, increased HDL cholesterol, inhibition of vascular smooth muscle cell
proliferation, as well as modulation on the plaque (Levin et al., 2005; Peng et al., 2008;
Blaschke et al., 2004; Kratzer et al., 2009). LXRa has a cardioprotective effect against
ischemia/reperfusion injury through reducing endoplasmic reticulum stress and ROS
generation (He et al., 2014). Besides, LXRs have also been reported can attenuated
diabetic cardiomyopathy and myocardial hypertrophy (Huynh et al., 2014; Kuipers et al.,
2010). Increasing research have suggested that LXRs may be a potential therapeutic
anti-tumor target against many cancer types such as breast, colon and prostate cancer
(Chuu and Lin, 2010; EI Roz et al., 2012; Lo Sasso et al., 2013). Similarly, LXRa
suppressed HCC cell proliferation through downregulating forkhead box protein M1

protein, a transcription factor mastering cell cycle progression (Hu et al., 2014).
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According to a recent report, LXR expression is lower in HCC patients, and prognosis
analysis demonstrated that the lower LXR expression is associated with decreased
overall survival rate in HCC patients (Long et al., 2017), suggesting LXR level can be
used as a clinical marker for hepatocellular carcinoma prediction. All these above
mentioned beneficial effects of LXRs demonstrate a broad spectrum of LXRs’ clinical
applications for various disease. However, the lipogenesis induced by LXR agonists
actually impeded the application LXRa as therapeutic strategy for disease treatment,
therefore it is required to explore more detailed molecular mechanism downstream of
LXRa (e.g., certain genes that can be regulated by LXRa) that will be helpful to
develop specific LXRa modulators with minimal side effects.

Current study demonstrated a novel function of LXRa on the regulation of
hepatocyte survival. By using human and mouse GEO database available in public
domain, we found the expression of LXRa was significantly downregulated in several
liver injury models. Hence, dysregulation of LXRo may contribute to progression of
liver injury. Moreover, LXRo agonist treatment reduces the extent of liver hepatocyte
injury, whereas LXRo”" mice are more susceptible to the toxic insult induced hepatocyte
death. Our findings elucidate a protective role of LXRa in preventing hepatocyte death
caused by toxicant, which is consistent with the report that LXRo prevents toxicant
induced liver injury via cholesterol homeostasis regulation (Saini et al., 2011). Since

LXRa is known in regulating hepatic fatty acid biosynthesis, current findings provide
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the notion that a basal expression and activation of LXRa is required for hepatocyte
survival, whereas overactivated LXRa signaling will ultimately leads to liver steatosis.
Thus, a balanced regulation of LXRa is important for hepatocyte viability and
prevention of liver injury.

Exposure of liver to toxicant such as CClsy may lead to hepatocyte injury through
various proinflammatory cytokines. The cytokine networks have been implicated in
mediating the hepatic response to injury stimuli (Russmannet al., 2010). In our study, by
analyzing hepatic gene expression profiles in LXR knockout mice from GEO database
(GSE38083), we observed that TGFp signaling (TGFBR1 and TGFBR?2) appeared as a
link in the core network extracted from the upregulated DEGs by LXR knockdown. The
analysis allowed us to assume that LXRo may exert its cytoprotective role via inhibition
of TGF signaling, which was supported by our results that LXRa activation rescues
hepatocytes from TGFP induced death in both AMLI12 cells and mouse primary
hepatocytes. LXRa inhibition of TGFf signaling parallels the observation that TGF[3
induced more apoptosis in mouse primary hepatocytes from LXRo”" mice. Liver TGFp
level was significantly upregulated by CCly (Jeon et al., 1997), in line with the report
that TGFp signaling participated in ROS production and promote hepatocyte damage
(Black et al., 2007). Therefore, inhibition of TGFp signaling will provide therapeutic
rationale for drug intoxication along with hepatocyte damage. Here, our identification of

TGEFp inhibition by LXRa provides a therapeutic rational of using LXRa as a strategy
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for preventing hepatocyte apoptosis.

CB2 activation has liver protective effects including limiting liver fibrosis (Mufioz-
Luque et al., 2008) and preventing alcohol-induced steatosis and inflammation (Louvet
et al., 2011). Little is known about the mechanism regulating CB2 level. Understanding
this molecular basis is important from a therapeutic standpoint. Here, we identify that
LXRo upregulates CB2 in hepatocytes and contributes to hepatocyte protection.
Importantly, CB2 inverse agonist SR144528 reversed the effects of GW3965 against
TGEFp induced cell death, suggesting the requirement of CB2 in LXRa’s hepatocyte
protection. Our data strengthen the concept that LXRa activation, via CB2 induction,
plays a critical role in antagonizing hepatocyte apoptosis.

It has been shown that inhibition of TBRI in hepatocytes diminished CCls induced
liver damage (Karkampouna et al., 2016), suggestive of TPRI facilitates hepatocyte
injury. Here, we show that LXRa activation increases TPRI ubiquitination and
destabilization in a CB2-dependent manner. USP4 have been identified as
deubiquitylating enzyme of TPRI and strongly induce TGF[ signaling by maintaining
sustained TPRI levels (Zhang et al., 2012). Our results of USP4 repression by LXRa or
CB2 agonist supports the idea that LXRa-CB2 negative regulate USP4, which probably
results to the decreased TPRI protein stability. In this study, we discovered USP4 as a
novel target for miR-27b. MiR-27b has been widely studied in cancer research and is

considered as both tumor suppressor and oncogene (Sun et al., 2016; Matsuyama et al.,

63



2016;) depending on different cancer type, indicating a complicated character of this
microRNA. Consistent with our finding that miR-27b negatively regulate USP4 and
TPRI, a recent publication identified that miR-27b has anti-fibrotic property in
pulmonary fibroblasts by directly targeting to TBRI and Smad2 (Zeng et al., 2017). By
contrast, in mouse pancreatic microvascular endothelial cells, miR-27b was increased by
TGFB and positively regulates TGFp-mediated endothelial-mesenchymal transition
(Suzuki et al., 2017). All these studies support a complex, direct or indirect regulatory
mechanism of TGFf signaling by miR-27b.

The cAMP/PKA signaling is involved in the modulation of intracellular pathways
related with homeostasis in hepatocytes. For example, PKA inhibits lipogenesis by
phosphorylating and repressing SREBP-1c¢ and ChREBP (Lu and Shyy, 2006;
Kawaguchi et al., 2001). PKA has been involved in mediating hepatic secretion of
FGF21, a novel metabolic regulator in improving glucose tolerance and insulin
sensitivity (Cyphert et al., 2014). Thus, PKA signaling is important for the integration of
metabolic homeostasis in hepatocytes. In this study, the activity of PKA was mildly but
significantly increased by treatment of LXRa agonist, being in line with the report of
enlarged PKA-mediated downstream molecular signaling events by LXR agonist (Hsu
et al., 2009). Moreover, our results that PKA was necessary for the suppression of USP4
and TBRI downstream of CB2, exhibited the role of PKA in mediating signal

transduction downstream of LXRa-CB2. Another concern is that as a protein kinase, by
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what kind of mechanism, PKA can regulate miR-27b. Studies have revealed that
glucocorticoid receptor (GR) is an upstream transcriptional regulator for miR-27b
expression (Kong et al., 2015). Interestingly, PKA can modulate the gene transcriptional
ability of GR via enhancing the DNA binding activity of GR (Rangarajan et al., 1992).
Thus, whether GR is involved in the regulation of miR-27b downstream of LXRa-CB2
mediated PKA activation require more experimental proofs.

Collectively, these findings demonstrate MB inhibits oxidative stress and toxicant-
induced hepatocyte death and liver injury as the results of GSK3p inhibition, through
direct PKA-dependent and indirect LKB1-AMPK mediated mechanism. In addition,
LXRa limits hepatocyte apoptosis and contributes to the protection against liver damage
via CB2 regulation. LXRa-CB2 prevents TGFJ induced hepatocyte injury, which is
mediated by PKA-dependent USP4 inhibition. The present identifications uncover MB’s
bona fide effects and molecular basis for pharmacological application and additionally
provide LXRa’s regulatory pathway for hepatocyte viability. These results may provide

new therapeutic targets for the prevention of hepatocyte death-associated liver disease.
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