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Abstract

Recent research has shown that the G protein-coupled receptor 110 (GPR110)
Is an oncogene evidenced by the increased expression of this receptor in
numerous cancer types. Cell migration, invasion, and proliferation can all be
reduced by GPR110 knockdown. GPR110 is, however, mostly expressed in
the liver of healthy individuals. The precise physiological role of hepatic
GPR110 in metabolism has not been revealed. In this study, | identified the
unique role of GPR110 in association with the liver function in a mouse model
of diet-induced obesity using a comprehensive metabolic phenotyping

approach.

The expression of GPR110 in the liver was shown to be strictly regulated by
nutritional availability using RT-gPCR and Western blot analyses. In both
mice and humans, a high hepatic GPR110 level was strongly linked to the
probability of developing liver steatosis. The disease severity of mice with
non-alcoholic fatty liver disease (NAFLD) induced by a high-fat diet was
alleviated when GPR110 was knocked down using antisense oligonucleotides.
Stearoyl-coA desaturase 1 (SCD1), a crucial enzyme in hepatic de novo
lipogenesis, has been identified as a downstream target of GPR110 by RNA-
sequencing analysis. Treatment with the liver-specific SCD1 inhibitor
MK®8245 greatly improved the lipid profiles of GPR110-overexpressing mice

and selective sShRNAs against SCD1 in GPR110 infected primary hepatocytes



In my thesis work, | hereby provide the first evidence demonstrating that
GPR110 plays a physiological role in regulating hepatic lipid metabolism
through controlling the expression of SCD1. In obese individuals, down-
regulation of GPR110 expression can potentially serve as a protective
mechanism to stop the over-accumulation of lipids in the liver. My work has
shed light on the future development of a rational therapeutic approach by

inhibiting GPR110 for the management of NAFLD.

An abstract of 279 words.
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Chapter 1 - Introduction



1.1 Obesity and non-alcoholic fatty liver disease

1.1.1 Prevalence of obesity and pathogenesis of obesity-related

metabolic complications

Despite the urgency of obesity has been addressed since 1980s, the
prevalence of obesity is still increasing in the past decades and now becomes
a worldwide epidemic (1). It is reported that there are approximately 1.2
billion people were overweight and 300 million people in the world are
obesity (2). In 1995, only 10-20% of men and 15-25% of women were obese
in Europe, but the percentage increased to 26% and 31% respectively
recently (3). On the other hand, the cost of obesity-related health care
expenditures in the United State was 24 billion dollars while the amount
raised to 75 billion, counting to 5-7% of total health costs in 2003 (4, 5).
Except for the United State, Canada, Australia and many Asia countries also

under the similar conditions (6-8).

The reason why people is paying more and more attention to obesity is that
obesity is the major risk factor for various life-threatening metabolic
complications such as type 2 diabetes mellitus (T2DM), non-alcoholic fatty
liver disease (NAFLD) and different types of cancer (9-11). A 16-year-
cohort study indicated that overweight or obesity was the main predictor of
T2DM (12). On the other hand, obesity will lead to a spectrum of liver
abnormalities like NAFLD, causing more severe liver disease and a serious

cardiometabolic abnormalities (13, 14). According to the World Health



Organization, there are at least 300,000 deaths were due to obesity every
year in the United State (1). Therefore, it is great impotent to explore the

novel methods to prevent obesity.

1.1.2 Non-alcoholic fatty liver disease

Characterized by an increased intrahepatic triglyceride (IHTG) content with
or without inflammation and fibrosis, NAFLD has become an important
public health problem because of its high prevalence and the potential
progression to severe liver disease like cirrhosis, fibrosis or liver cancer (13).
The hallmark of NAFLD is steatosis. Chemically, over the content of 5% or
even more of hepatocytes contain visible intracellular triglycerides (TGs) are
identified as excessive IHTG or steatosis (15). Obesity, T2DM and
hyperlipidemia are coexisting conditions frequently associated with NAFLD.
There are 30-100% of obese, 10-75% of T2DM and 20-92% of
hyperlipidemia patients suffers from NAFLD (10, 16-19). The prevalence
of NAFLD keeps increasing these years, accounting for 10-24% of the
population in various countries. NAFLD is the most common cause of
abnormal liver-test results among adults in the United States (20). The
prevalence of NAFLD is related to many factors such as obesity. With
increasing BMI values, the risk of NAFLD also increases. One clinical report
showed that the prevalence rates of steatosis and steatohepatitis are
approximately 15% and 3% respectively in nonobese person, and 65% and

20% in persons with class | and 11 obesity (BMI 30.0-39.9 kg/m?) (21-23).



Apart from obesity, racial and genetic variation also have great influence on

NAFLD (24, 25).

1.2 Liver

The liver is a crucial organ that regulates the body's energy metabolism,
which is related to metabolism. It connects to many tissues, such as skeletal
muscle and adipose tissue, serving as a hub (26). Two thirds of the total cell
population in the liver is hepatocytes. The remaining population is
nonparenchymal cells such as Kupffer cells and stellate (27). Insulin and
other metabolic hormones closely control the metabolic activity. For
instance, in the cytoplasm, glucose is converted into pyruvate by the process
of glycolysis, and in the mitochondria, pyruvate is totally oxidized to
produce ATP (28). Moreover, liver is also the ultimate generator of energy
for survive during prolonged caloric deprivation because of its ability to
catabolize lipid and amino acids to provide energy for extrahepatic organs
(26, 29). Therefore, dysregulation of liver signaling and metabolism is more
likely to lead to type 2 diabetes and/or nonalcoholic fatty liver disease

(NAFLD).

121 Liver-extrahepatic tissue crosstalk

Adipose tissue and skeletal muscle are just two examples of the extrahepatic
tissues that the liver communicates with closely. Glucose and ketone bodies

produced by liver can be delivered to muscle and other tissues, which may



then use them as metabolic fuels when fasting and exercise. Contrarily,
muscle supplies the liver with lactate and amino acids, which serve as
gluconeogenic substrates for hepatocytes to synthesize glucose (30). When
fasting and exercise, adipose tissues lipolyze to create NEFAs and glycerol
(31). Thereafter, the fatty acids were either packaged into VLDL particles or
oxidized to produce ketone bodies (32). After that, the liver secretes ketone
bodies and VLDL, which extrahepatic tissues use. Hepatocytes further

employ glycerol for the production of glucose or TG.

1.2.2 Glucose metabolism

Liver is the organ that response to the nutrient status and it is responsible for
glucose clearance. For this reasons, insulin resistance in liver is the major
contributor to glucose intolerance and hyperglycemia in obesity (33). A
plasma membrane glucose transporter by the name of GLUT2 allows blood
glucose to enter hepatocytes. Hepatocytes' ability to absorb glucose is
impaired when GLUT?2 is inhibited (34). A reduction in intracellular glucose
concentrations and an increase in glucose uptake may result from the
phosphorylation of glucose by the enzyme glucokinase in the hepatocytes
(35). Additionally, G6P undergoes glycolysis as part of its metabolism to
produce pyruvate. The tricarboxylic acid (TCA) cycle is used to completely
oxidize pyruvate within the mitochondria, producing ATP (36). On the other
hand, pyruvate can also be used in lipogenesis to create fatty acids (37). The

pentose phosphate pathway is also used to metabolize G6P to produce



NADPH, which is necessary for lipogenesis and the production of other
bioactive chemicals (38). Collectively, During the postprandial stage,

glucose is transformed into glycogen, fatty acids, or amino acids in the liver.

Glycogen phosphorylase hydrolyzes glycogen during fasting to produce
glucose (glycogenolysis). Glycogen synthase, in addition to posttranslational
changes, is regulated by glycogen synthase kinase 3 (GSK-3), which limits
the activity of glycogen synthase (39). Additionally, the main mechanisms
that trigger the activation of gluconeogenic enzymes in the liver are glycerol
from lipolysis of white adipose tissue (WAT), pyruvate produced from
glycogenolysis, and glycolysis in skeletal muscle (39, 40). Other
investigations revealed that phosphoenolpyruvate carboxykinase (PEPCK)
controls the conversion of cytoplasmic oxaloacetate, which is produced from
pyruvate, to phosphoenolpyruvate, making it a crucial enzyme for
gluconeogenesis. However, animals with liver-specific PEPCK depletion
maintained their normal 24-hour fasting blood glucose levels, indicating that

glycerol might be a more significant substrate for gluconeogenesis (41, 42).

1.2.3 Lipid metabolism

When the body has enough carbohydrates, the liver will not only use glucose
as the primary metabolic fuel but also transform it into fatty acids (43). Fatty
acids from diet or secreted from adipose tissue can be taken up by
hepatocytes from the circulation. Following a meal, enterocytes in the small
intestine are primarily responsible for digesting dietary fat. Here, fatty acids

6



are reprocessed into TAG and released into the gut lymphatic system in the
form of chylomicrons (44). Chylomicrons pass through the bloodstream to
the liver, where they undergo lipolysis and release NEFAs through the action
of lipoprotein lipase (LPL). NEFAs then enter into hepatocytes by CD36 in
hepatocytes, leading to an increased hepatocyte fatty acid uptake and TG
levels (45). On the other hand, liver is able to convert carbohydrates into
fatty acids, which are consequently packed into VLDL particles and
delivered to adipose tissue or other extrahepatic tissues through the
bloodstream through de novo lipogenesis. Pyruvate is imported into the
mitochondria and metabolized to generate acetyl-CoA, which is combined
with oxaloacetate to form citrate. Citrate is then exported to the cytoplasm
Acetyl-CoA carboxylase (ACC) converts acetyl-CoA into malonyl-CoA in
the cytoplasm. Fatty acid synthase (FAS) uses both malonyl-CoA and
NADPH as precursors to create palmitic acid, a fatty acid with 16 carbons
(46). Fatty acyl-CoA elongase (Elovl) family members extend palmitic acid
(47). Long-chain fatty acids are desaturated by stearoyl-CoA desaturases
(SCDs) for the formation of mono- and poly-unsaturated fatty acids (48). It
is reported that global knockout of SCD1, which catalyzes the synthesis of
monounsaturated long-chain fatty acids can protect against obesity (49, 50).
Additionally, hepatocyte-specific SCD1 deletion can prevent from hepatic
steatosis and obesity (51). SCD1 products, particularly oleate, are now
playing an increasingly significant role in regulating lipid and glucose

metabolism in the liver (51).



The progression of lipogenesis is regulated by a large number of
transcriptional factors and coregulators such as PPARy. The expression of
PPARy is low at normal level in mice, and the level is increased in mice with
obesity (52). It is known that hepatic PPARY regulates many genes which
control fatty acid uptake, fatty acid trafficking and TG biosynthesis in liver
(53, 54). Hepatic specific knockdown of PPARy suppresses the expression
of many lipogenic genes and therefore protect against hepatic steatosis (55,
56). Another study demonstrated that CREB suppresses PPARy by
stimulating the expression of hairy enhancer of split (HES-1) (57) while a
separate research reported that the knockdown of CREB in liver can decrease

the hepatic lipogenesis in rodents with type 2 diabetes (58).
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1.3 GPCR

1.3.1 General introduction

At least 800 different members comprise the G protein-coupled receptor
(GPCR) superfamily, which all share a highly conserved 7-transmembrane
(7TM) structure that converts extracellular stimuli into intracellular
signaling cascades. Each GPCR expresses independently and responds to a
specific ligand with unique specificity. Specific stimuli, such as light protons,
ions, odorants, and biological ligands, can activate these receptors (59). The
conserved structure of GPCRs is made up of seven TMD of roughly 25-35
amino acid residues. These TMD exhibit relatively high levels of
hydrophobicity, and they are identified by a-helices that cross the plasma
membrane (60). The GPCR family is divided into five subfamilies using
phylogenetic analysis, with the rhodopsin or class A family being the biggest
with over 700 members (61). Peptide-binding receptors, which include
secretin and adhesion receptors, belong to the class B GPCRs. It has been
proposed that all Class B ligands are peptide hormones that have a high
degree of homology with one another, making them suitable therapeutic

targets for neuronal and endocrine disorders (62).

1.3.2 Structure of class B GPCR

In comparison to other GPCRs, Class B GPCRs have very high molecular
weights due to their distinctive, extraordinarily lengthy extracellular regions

at the N-terminal of the 7TM domain. The extracellular domain (ECD) of
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the receptor contains repetitions of N-linked glycosylation sites (63). The
GPCR autoproteolysisinducing (GAIN) domain, which has a self-cleavage
site known as the GPCR proteolytic site (GPS) (64), connects the ECD and
7TM domains. An approach for activating class B GPCRs is provided by
previous in vivo and in vitro studies that shown that monoclonal antibodies
directed against the N-terminal of GPCRs can imitate the role of agonist in
increasing downstream activity (65). Recent studies have demonstrated that
class B GPCRs may be triggered by their own tethered agonist, specifically
-strand-13, upon self-cleavage at the GAIN domain (64, 66). Class B
receptors share the same basic structure, which consists of seven membrane-
spanning a-helices linked by a G protein-interacting intracellular domain.
Class B receptors have a large extracellular domain (ECD; 1 to 16 residues)
at the N-terminus that is essential for ligand binding (59). Conserved
cysteine residues can be found in the first and second extracellular loops of
the TMD sections of these receptors. A significant portion of the receptors
in this family do, however, have conserved cysteine residues, which when
combined create a group of cysteine bridges in the N-terminus. The secretin
receptors' three binding domain names area, juxta-membrane region of the
N-terminus, and extracellular loops — define the binding profile of these
receptors. These extracellular loops boost the likelihood that the signaling

units will activate by mediating the receptor's active conformation (60).
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1.3.3 Signal transduction of GPCR

The largest superfamily of cell-surface receptors involved in TMD signaling
is the GPCR family. GPCRs typically transmit signals into cells as a result
of their reactions to various extracellular stimuli, such as ions, polypeptides,
and glycoproteins, and then they regulate a wide range of physiological and
developmental function. Class B GPCR signaling is carried out by both G
protein-dependent and independent mechanisms. The intracellular C-
terminal of the receptor is bound by heterotrimeric G proteins in the
traditional G protein-dependent pathway, which mediates the downstream
cascade (67). A complex of GTP-bound Ga, G, and Gy subunits makes up
the heterotrimeric G protein structure. When an external stimulus is present,
GTP binding causes the Go subunit to dissociate. As a result, the Go subunit
and GPy complex will communicate with the corresponding downstream
effector proteins. GTP is hydrolyzed to GDP to end the signal (67). In this
context, the subtype of the Ga subunit, which includes Gas, Gaq, Gai, and
G12/13, determines the downstream effector to be activated. Gas and G
are counter regulators of the PKA pathway through activation and inhibition
of adenylate cyclase activity, respectively [163, 164]. The C-terminal of
GPCRs is connected to B-arrestin in a G protein-independent route, which
facilitates internalization of the receptor or activation of kinase signaling
networks (68). Arrestins were first described as proteins that turn off G
protein signaling phosphorylation of the receptor C-terminal tail by a G

protein-linked kinase leads to recruitment of arrestin, which prevents
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interaction with G proteins and promotes receptor internalization. However,
certain GPCR ligands can activate arrestin binding directly or possibly by
promoting interaction with kinases that phosphorylate the receptor to enable
arrestin binding, thereby activating downstream signaling pathways distinct

from those mediated by G proteins (69) (Fig. 1.2).
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Figure 1.2. Signal transduction of GPCRs. The heterotrimeric G protein
structure is a complex of GTP-bound Ga, GB, and G y subunits. Briefly,
GTP binding can lead to Ga subunit dissociation and interaction with the
effector. Hydrolysis of GTP to GDP will terminate the signal transduction.
Different subtype of Ga subunit has different effector for downstream

signaling transduction.
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1.34 Physiological roles of class B GPCRs in metabolism

A class B GPCR's physiological role is mostly determined by the ligand that
interacts with the relevant extracellular domains (70). The first-class B
GPCR to be discovered was mucin-like receptor protein 1 (F4/80), which is
found in the epidermal growth factor-like module (71). It is a well-
established pro-inflammatory signal in metabolically active tissues including
the liver and adipose tissue and plays a crucial role in the activation of
regulatory T-cells in peripheral tolerance (72). Class B GPCRs also have
significant regulatory functions in the metabolism of energy. For instance,
one of the important regulators that triggers glycogenolysis and
gluconeogenesis during fasting situations is the glucagon receptor in the liver
(73). For instance, one of the important regulators that triggers
glycogenolysis and gluconeogenesis during fasting situations is the glucagon
receptor in the liver (73). GLP-1 activation can boost insulin production from
-cells and reduce appetite via acting on the brain because GLP-1 receptors
are present in the pancreas, gut, and brain (74). Dysregulation of GPCRs is

also linked to the emergence of cancer (75).

1.35 Class B GPCR as potential drug targets for metabolism

diseases

GPCRs are important targets for translational therapy because of their
physiological importance (76). GPCRs are the most often used class of drug

targets when compared to other approved treatment techniques, according to
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research that 36% of US Food and Drug Administration (FDA)-approved
medications in 2017 target GPCRs (76). However, current drug development
programmes mainly focus on small sector of the potentially druggable
human GPCRs, while many orphan GPCRs remained understudied (68).
Therefore, it is crucial to research the physiological roles played by orphan
GPCRs in order to overcome obstacles in the search for medicines that can

treat metabolic illnesses.

1.3.6 GPR110

In 2002, the highly conserved amino acid sequences of the G protein coupled
receptor transmembrane domains allowed for the identification of the human
GPR110. Two years later, the same research team discovered the mouse
ortholog of hGPR110 (77), and extensive sequencing analyses found several
splice variants (78). Most research on GPR110 to date has been on how
tumorigenic it is. GPR110 was often found to be overexpressed in a variety
of malignancies and was necessary for promoting cancer cell survival,
proliferation, and migration. As a result, it was proposed that GPR110
targeting could be a novel therapeutic approach for the management of
cancer. Additionally, GPR110 was said to be necessary for healthy fetal
brain development and the reduction of neuroinflammation [14]. GPR110 is,
however, mostly expressed in adult livers (79). GPR110 is, however, mostly

expressed in adult livers. The hepatic GPR110's physiological role is still
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unknown. In this investigation, using a diet-induced obese mice model, we

evaluated the metabolic effect of GPR110 in promoting hepatic lipid buildup.

1.4  General aims of this study

Obesity is a major contributor to multiple chronic metabolic diseases, such
as NAFLD. Recent studies have provided insights into the dysregulation of
hepatokines and GPCRs leads to the pathogenesis of metabolic diseases and
accelerating cancer development. In this thesis, our team demonstrating the
G protein-coupled receptor 110 (GPR110) — an orphan class B GPCR
exclusively expressed in the liver, are markedly downregulated after high-
fat diet (HFD) treatment. The major objective of this study was therefore to

investigate the physiological roles of GPR110 in the progression of NAFLD.

In this study, the physiological roles of a novel GPCR were characterized in
Chapter 3. We have demonstrated that hepatic GPR110 is tightly regulated
by nutrient availability and remarkably reduced in the DIO mice model.
Restoration of GPR110 expression by recombinant adenoassociated virus
(rAAV) mediated gene delivery in DIO mice accelerates the progression of
NAFLD with significantly increasing their body weight and increased
circulating and hepatic lipid deposition. The molecular mechanism whereby
GPR110 regulates lipid metabolism is further investigated. We demonstrated
that GPR110 targeted knockdown using antisense oligonucleotides (ASOs)

reverses all the metabolic phenotyping changes. These findings assessed the
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metabolic impact of GPR110 in enhancing liver lipid accumulation by diet-

induced obese mouse model.

In Chapter 4, we demonstrated that SCD1 is one of the downstream targets
of GPR110 that affecting hepatic lipid metabolism. SCD1 is a crucial
lipogenic enzyme that forms double bonds in saturated fatty acids to
complete the rate-limiting step in the production of monounsaturated fatty
acids (MUFAs), such as oleate and palmitoleate (80). Increases in SCD1
activity play a role in the development of NAFLD, hypertriglyceridemia,
atherosclerosis, and diabetes (81, 82), all of which are lipid disorders.
MUFAs are the building blocks for the synthesis of many different types of
lipids. In vitro assays were performed to confirmed that the transcription
level of SCD1 is regulated by GPR110. We also examine the up regulation
of hepatic SCDL1 is the cause of metabolic dysregulation in rAAV-GRP110
mice. Furthermore, therapy of MK8245, one of the known SCD1 inhibitor,
improves lipid profiles and reduce metabolic dysregulation led by hepatic
GPR110 overexpression in mice. The overall significance of the findings and

potential future work are discussed in Chapter 5.
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Chapter 2 - Materials and methods
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2.1 Material

2.1.1 Chemicals and reagents

Reagents Provider Catalog
number

Dulbecco’s modified eagle medium, [Thermofisher, USA 12800082

powder, high glucose, pyruvate

Fetal Bovine Serum, qualified, Thermofisher, USA 10270106

Brazil

Penicillin-Streptomycin (10,000 Thermofisher, USA 15140163

U/mL)

TRIzol™ Reagent Thermofisher, USA 15596018

PageRuler™ Plus Prestained Protein|Thermofisher, USA 26620

Ladder, 10 to 250 kDa

TEMED Thermofisher, USA 17919

Collagenase, Type I, powder Thermofisher, USA 17101015

Ethidium Bromide Solution Thermofisher, USA 17898

SYBR™ Safe DNA Gel Stain Thermofisher, USA 533102

Mitochondria Isolation Kit for [Thermofisher, USA 89874

Cultured Cells

Richard-Allan Scientific™ Neutral [Thermofisher, USA 5705

Buffered Formalin (10%)

Richard-Allan Scientific Histoplast [Thermofisher, USA 8330

Paraffin

20




Shandon™ Harris Hematoxylin Thermofisher, USA 6765002
Shandon™ Eosin Y Thermofisher, USA 6766010
Lipofectamine™ 3000 Transfection [Thermofisher, USA L.3000001
Reagent
CM-H2DCFDA Thermofisher, USA C6827
MitoTracker™ Green FM Thermofisher, USA M7514
MitoTracker™ Deep Red FM Thermofisher, USA M22426
ProLong™ Glass Antifade Thermofisher, USA P36980
Mountant
SlowFade™ Gold Antifade Thermofisher, USA 536938
Mountant with DAPI
Trypan Blue Stain (0.4%) Thermofisher, USA T10282
2xEs Taq MasterMix CoWin Biosciences, CW0690
China
QuantiNova SYBR Green PCR Kit [Qiagen, Germany 208057
DNeasy Blood & Tissue Kit Qiagen, Germany 69504
Insulin, Human Recombinant Sigma-Aldrich, USA  91077C
Ammonium persulfate Sigma-Aldrich, USA  |A3678
Bovine serum albumin Sigma-Aldrich, USA 05470
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Protein

Bovine Serum Albumin (fatty acid- |Sigma-Aldrich, USA  |A8806
free, low endotoxin)

Proteinase K from Tritirachium Sigma-Aldrich, USA  |P2308
album

D-(+)-Glucose Sigma-Aldrich, USA  [346351
Sodium chloride Sigma-Aldrich, USA  |S9888
Sodium bicarbonate Sigma-Aldrich, USA  |S5761
Immun-Blot PVDF Membrane Bio-Rad, USA 1620177
GoScript™ Reverse Transcription  [Promega Corporation, |A2801
Mix, Random primers USA

Recombinant Mouse IFN-gamma |R&D Systems, USA  [485-MlI

Typhimurium

Medical X-ray film Fuji, Japan Super HR-U30
Protease Inhibitor Cocktail MedChemExpress, USAHY-K0010
Phosphatase Inhibitor Cocktail Bimake, USA B15002
2-Mercaptoethanol Bio-Rad, USA 1610710
Clarity Western ECL Substrate Bio-Rad, USA 1705061
Clarity Max Western ECL Substrate |Bio-Rad, USA 1705062
Ultrapure flagellin from S. InvivoGen, USA tirl-epstfla

22




Muramy! dipeptide

InvivoGen, USA

tlrl-mdp

Monosodium Urate Crystals

InvivoGen, USA

tirl-msu

Palmitic Acid Cayman Chemical, USA[10006627

2.1.2 Biochemical assays

Assay Provider Catalog

number

— .
E;rce BCA Protein Assay Thermofisher, USA 23225
High Sensitive Mouse Insulin | ImmunoDiagnostics Limited, 39970
ELISA Kit Hong Kong
Mouse Adiponectin ELISA ImmunoDiagnostics Limited,

: 32010
Kit Hong Kong
Aspartate Transaminase Kit  [Stanbio, USA 2930-430
Alanine Transaminase Kit Stanbio, USA 2930-500
Cholesterol Kit Biosino, China 20162400910
Free fatty acid kit Biosino, China 20162401089
Triglycerol Kit Biosino, China 20162400911
HDL-C kit Biosino, China 20152400950
LDL-C kit Biosino, China 20162400518
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2.1.3

Primer sequences

Gene Primer sequences (5°-3”)
Species

name
Forward Reverse

GPR110 | CCAAGAGAAGCCAAA | TTCGATAAGCCAGCA
CCTCC GGATG

SCD1 CTGACCTGAAAGCCG | AGAAGGTGCTAACGA
AGAAG ACAGG

GAPDH | ACTCCACTCACGGCA | TCTCCATGGTGGTGAA
AATTC GACA

Albumin | ACAGGACACCTGCTC | AGTCCTGAGTCCTTCA
TC TGTCTTT

F4/80 CTTTGGCTQTGGGCCT | GCAAGGAGGACAGAG
TCCAGTC TTTATCGTG

CD11b ATGGACGCTGATGGC | TCCCCATTCACGTCTC

Mouse AATACC CCA

ACOT1 | ACTACGATGACCTCCC | CATAGCAAGGCCAAG
CAAG TTCAC

Cydal2b | GTTCCTACAGATTTCT | AGAGTCTGCCATGATT
AGCTCCC TCCG

Cy4a3l | CACTCATTCCTGCCCT | ACAATCACCTTCAGCT
TCTC CACTC

ACACA | AAGGCTATGTGAAGG | CTGTCTGAAGAGGTTA
ATGTGG GGGAAG

PCSK9 | TTTTATGACCTCTTCC | ATTCGCTCCAGGTTCC
CTGGC ATG

MRPL53 | TCAAGCTGGTTCGAGT | ACAGAGCAGTTGAGG
TCAG TTGG
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HSPD1 | AGTGTTCAGTCCATTG | TGACTGCCACAACCTG
TCCC AAG
PLTP CCTGTGCTCTACCATG | ATTCCATATCCAGGTT
CTG GCCG
ABCAl | TGACATGGTACATCG | GATTTCTGACACTCCC
AAGCC TTCTGG
FGF21 ACGACCAAGACACTG | ACCCAGGATTTGAAT
AAGC GACCC
2.14 Antibodies
Antibody name Catalog number Producer
Rabbit anti-GPR110 orb157302 Biorbyt
Rabbit anti-SCD1 ab236868, Abcam
Mouse anti-GAPDH 40004-1-1g Proteintech
Rabbit anti-CD11b ab133357 Abcam
Rabbit anti-albumin ab207327 Abcam
Mouse anti-beta tubulin 66246-1-Ig Proteintech
Mouse anti-beta actin 60008-1-1g Proteintech
Mouse anti-flag tag 66008-2-Ig Proteintech
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2.15 Buffers

Medium and buffer

Recipe

Complete growth DMEM

DMEM supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin and
streptomycin (PS)

BMDM differentiation
medium

Complete growth DMEM with 20% L929
conditioned medium

Phosphate buffered saline
(PBS)

137 mM NaCl, 2.7 mM KCI, 4.3 mM
Na2HPO4, 1.4 mM KH2PO4 (pH 7.4)

Radioimmunoprecipitation
(RIPA) buffer

150 mM NaCl, 50 mM Tris HCI, 2 mM EDTA,
0.1%SDS, 1% NP-40 (pH 7.4)

Red blood cell (RBC)
lysis buffer

155 mM NH4CI, 10 mM KHCO3, 0.1 M EDTA

Sodium citrate buffer

0.1 mol/L sodium citrate, 0.1% Tween 20, pH
6.0

Tris-Acetate EDTA (TAE)

40 mM Tris-acetate, 2 mM EDTA, pH 8.0

26



SDS-PAGE running
buffer

25 mM Tris, 192 mM glycine, 0.1% SDS (pH
8.3)

Transfer buffer

25 mM Tris, 192 mM glycine (pH 8.3)

Tris-buffered saline,
0.1%Tween 20 (TBST)

20 mM Tris, 150 mM NaCl, (pH 7.6)

5X SDS loading dye

250 mM Tris-Cl (pH 6.8), 0.05% Bromophenol
blue, 50% Glycerol, 10% SDS, 5% 2-
Mercaptoethanol

2.1.6 Diets

Diet Provider Catalog number
PicoLab® Rodent Diet 20| LabDiet 5053

Rodent Diet With 45 Research Diets D14251
kcal%Fat
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2.2 Methods

2.2.1 Animal studies

2211 Animal maintenance

8-week-old male C57BL/6N mice were purchased from our Laboratory
Animal Unit. Mice were housed in pathogen-free conditions at controlled
temperature (23 + 1 °C) with a 12-hour light-dark cycle and access to food
and water ad libitum. The 8-week-old male mice were divided into two
groups and fed with either standard chow diet (STC, 18.3% protein, 10.2%
fat, 71.5% carbohydrates, Research Diet Inc., New Brunswick, NJ, USA) or
high-fat diet (HFD, 35% kcal carbohydrates, 20% kcal protein, Research

Diets Inc., New Brunswick, NJ, USA) for 12 weeks.

For AAV2/8 transduction, in order to perform AAV2/8 transduction, 3x10*!
copies of AAV2/8 vectors carrying either green fluorescent protein (GFP) or
GPR110 were administered intravenously to 8-week-old male C57BL/6N
mice with either STC or HFD diet. For antisense oligonucleotide (ASO)
delivery, ASOs encoding GPR110 or negative control sequences were
injected subcutaneously once a week at 5mg/kg to 8-week-old male
C57BL/6N with either STC or HFD feeding. For inhibitor delivery, either
SCDL1 inhibitor (MK-8245) or vehicle were given to mice fed with HFD i.g.

at the dose of 10mg/kg once a week.
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2.2.1.2 Body composition analysis

Lean mass and fat mass of mice were quantitatively accessed by using the

Minispec LF90 Body Composition Analyzer (Bruker, Massachusetts, USA).

2.2.1.3 Metabolic/behavioral phenotyping analysis

Analyses of the metabolic and behavioral phenotypes of m ice were
monitored for simultaneous measurements, such as their total body energy
expenditure, physical activity, indirect calorimetry, food intake, and water
intake. Oxygen consumption (VO2) and carbon dioxide production (VCO3)
by mice were measured continuously thus respiratory exchange ratio (RER)
can be calculated by using the metabolic cage system (Promethion, Nevada,
USA). Mice were housed individually in metabolic cages and acclimatized
under controlled temperature (23 £ 1 °C) with free access to water and food
for 24 hours before start measurement and the data collection. VO and heat
generation were recorded every 11 min for a course of 2 days. Energy

expenditure was calculated by normalizing heat generation to lean mass.

2.2.1.4 Intraperitoneal glucose tolerance test (GTT)

Mice were fasted for 16 hours with free access to water before the
experiment. Basal level of fasting blood glucose and fasting body weight
were obtained before D-glucose solution i.p. injection (2g/kg BW). Glucose
levels of mice were measured by collecting the blood samples from the tip

of the tail at the time point of 0, 15, 30, 60, 90 and 120-minute after injection.
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The glucose level in these samples were measured by the Accu-Chek®

glucometer (Roche Diagnostics, Indiana, USA).

2.2.15 Intraperitoneal insulin tolerance test (ITT)

Mice were fasted for 8 hours with free access to water before the experiment.
Basal level of fasting blood glucose and fasting body weight were obtained
before insulin i.p. injection (0.41U/kg BW). Glucose levels of mice were
measured by collecting the blood samples from the tip of the tail at the time
point of 0, 15, 30, 60, 90 and 120-minute after injection. The glucose level
in these samples were measured by the Accu-Chek® glucometer (Roche

Diagnostics, Indiana, USA).

2.2.1.6 Intraperitoneal pyruvate tolerance test (PTT)

Mice were fasted for 16 hours with free access to water before the
experiment. Basal level of fasting blood glucose and fasting body weight
were obtained before i.p. injection of sodium pyruvate solution (1g/kg BW).
Glucose levels of mice were measured by collecting the blood samples from
the tip of the tail at the time point of 0, 15, 30, 60, 90 and 120-minute after
injection. The glucose level in these samples were measured by the Accu-

Chek® glucometer (Roche Diagnostics, Indiana, USA).
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2.2.1.7 Lipid profile analysis

Serum levels of triglyceride (TG) and total cholesterol (CHO) were
measured using commercial kit (Biosino bio-technology and science INC,
China) according to the manufacturer’s instructions. Serum levels of free
fatty acid (FFA) were measured using commercial kit (Solarbio, China)

according to the manufacturer’s instructions.

2.2.1.8 Liver damage analysis

Serum aspartate aminotransferase (AST) and alanine aminotransferase (ALT)
levels were measured using commercial Kkits (Stanbio, EKF diagnostics,

USA) according to the manufacturer’s instructions.

2219 Insulin level

Following the manufacturer's instructions, commercial Kkits (Mercodia,

Sweden) were used to assess the serum insulin levels of mice.

222 Cell culture and ex vivo studies

2.2.2.1 Isolation of hepatocyte and nonparenchymal cells (NPCs)

Primary hepatocytes and NPCs were isolated from mouse liver from 8-week-
old male C57BL/6N mice as previously described (83). Briefly, mice were
anesthetized and subjected to in situ liver perfusion. 10 ml 1 X PBS

supplemented with 0.05% (w/v) Type | collagenase were perfused through
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suprahepatic inferior vena cava at flow rate of 10 ml/min. The gallbladder
was subsequently removed, and the liver was incubated in serum-free
DMEM at 37°C. The liver was cut into small pieces and mesh in serum-free
DMEM through a 70 uM cell strainer and pelleted by centrifugation at 50
xg for 5min. The pellet was collected and washed by 1 X PBS twice for
hepatocyte collection. Using two layers of gradient solutions, the supernatant
after centrifugation was transported to the top of a new tube. The middle
layer is 25% (v/v) Percoll in 1 X PBS and the bottom layer is 50% (v/v)
Percoll in 1 X PBS. After centrifuging at 800xg for 20min at 4°C without
bake, the NPC cells were observed and collected in the middle of two Percoll
solutions. The primary hepatocytes and NPCs were then used for RNA

extraction and real-time PCR analysis.

2.2.2.2 Luciferase reporter assay

HEK293 cells were cultured in DMEM supplemented with 10% FBS, 100
U/ml penicillin and 100 pg/ml streptomycin at 37 °C and 5% CO.. HEK293
cells were ceded in 6-well plates and were transfected with pGL3-SCD1
promoter and adenoviral vector expressing either GPR110 (ADV-GPR110)
or GFP (ADV-GFP) by using the transfection reagent (#£4981, Promega,
WI, USA), following the manufacturer’s instruction. DHEA was purchased
from APEXBIO (C3270, APEXBIO, TX, USA) and was added into cells at
the concentration of 100 uM and incubated at 37 °C for 48h. Renilla

luciferase reporter plasmid pRL-TK was applied as a transfection control for
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the luciferase reporter test. The Dual-Luciferase Reporter Assay System

(#E1960, Promega, WI, USA) was used for the luciferase assays.

2.2.3

2231

Histological analysis

Tissue processing

Liver samples from different groups of mice were collected for histological

analysis. The samples were first fixed with 10% Formalin for 24h, followed

by dehydration processing with Excelisior ES tissue processor (Thermo

Fisher Scientific, Waltham, USA). The procedures of the program are as

follows:
Table 2.1. Protocol of tissue processing

Step Reagents Time (min) Temperature (°C)
1 75% ethanol 45 RT

2 85% ethanol 45 RT

3 95% ethanol 30 RT

4 95% ethanol 45 RT

5 100% ethanol 45 RT

6 100% ethanol 45 RT

7 Xylene 45 RT

8 Xylene 45 RT

9 Paraffin wax 45 62
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10 Paraffin wax 45 62

Paraffin-embedded tissues were sliced into 5 um-thick section with a

microtome and dried overnight at 37 °C.

2.2.3.2 Hematoxylin and eosin (HE) staining

The sections were deparaffinized and rehydrated using distilled water,
xylene, and ethanol with a lowering concentration. After that, the slices were
subsequently stained with hematoxylin, blued in Scott's tap water, and eosin.
The stained slides were then dehydrated in ethanol with increasing ethanol
and xylene. The dehydrated slides were mounted using DPX mounting
medium. The details of staining procedures were as follows. Each
paraffinized tissue was evaluated three times, with an interval of 50 m
between each level. The images were taken with a Nikon Eclipse Ci
Binocular Ergonomic Microscope. Image J was used for the quantification

of the slides.
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Table 2.2. Procedure of H&E staining

Step | Reagents Time (min) | Remarks

1 Xylene 15 Deparaffinisation
2 Xylene 15

3 Xylene 15

4 100% ethanol 5 Hydration

5 100% ethanol 5

6 90% ethanol 2

7 80% ethanol 2

8 70% ethanol 2

9 Distilled water 5

10 Hematoxylin solution 2 -

11 Tap water 10 -

12 Distilled water 2 -

13 | 1% acid ethanol solution 5sec Differentiation
14 | Tap water 10 -

15 | Eosin solution 10 -

16 100% ethanol 10 Dehydration
17 | 100% ethanol 10

18 100% ethanol 10

19 Xylene 30 Clearance
20 Mounting medium (xylene-based) -
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2.2.3.3 Oil red O staining

Liver samples from each group of mice were collected and frozen in OCT
medium. The frozen sections were sliced by CryoStar NX70 Cryostat
(Thermo Fisher Scientific, Waltham, USA). The cryostat sections were 8-10

pum. The slides were stained by Oil Red O working solution with the details

as followed:
Table 2.3. Procedure of Oil Red O staining

Step Reagents Time
1 60% isopropanol 2s
2 Oil Red O working solution 15min
3 60% isopropanol 2
4 Haematoxylin solution 2
5 Mounting medium (water-based)

2.2.4 Enzyme-linked immunosorbent assay (ELISA)

Serum levels of insulin were determined by using commercial ELISA kits
(Mercodia, Uppsala, Sweden). Briefly, 25 pl samples or standards were
added per well to a microplate. 100 pl of enzyme conjugate 1X solution was
added to each well and the microplate was incubated on a plate shaker for 1

hour at room temperature. 350 pul of 1X wash buffer was used for washing
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each well for 6 times. 200 pl substrate TMB was then added into each well
and incubated for 15 min at room temperature. Subsequently. 50 ul of stop
solution was added and the plate was placed on a shaker for 5 seconds for

mixing. The absorbance was measured under 450nm within 30 minutes.

2.2.5 Generation and purification of recombinant adeno-associated

virus (rAAV)

rAAV was generated as previously described (84). Briefly, 293T cell line
(ATCC, Virginia, USA) was seeded in 150mm culture dish. DMEM
supplemented with 10% FBS was used as culture medium. The 293T cell
line were incubated in a humidified incubator at 37 °C. When the confluency
reached 80%, full medium with FBS was removed and replaced by the
serum-free DMEM. The cells were transfected with 250 pl PEI solution
along with 7 pg vector (pAAV-GPR110 or pAM2AA-GFP), 7 ug serotype
plasmid (p5E18-VD2/8), and 7 ug helper plasmid (pXX6) for 6 h.
Subsequently, the medium was replaced by DMEM supplemented with 10%
FBS for the subsequent 72 h. The medium was collected and went through
three freeze-thaw cycles. After that, the medium was centrifuged and the
precipitation mixture was centrifuged at 1500 xg for 30 min at 4 °C. The
pellet was washed in with DMEM supplemented with 10% FBS followed by
centrifugation at 1500 xg for 3 min at 4 °C. The pellet was resuspended in
1X PBS. The titer (genome copies) of rAAV was determined by gPCR

analysis according to the standard curve of corresponding plasmid.
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2.2.6 Western blot Analysis

Both tissue and cell samples were added with RIPA buffer supplemented
with protease inhibitors for protein extraction. The tissues were
homogenized with Precellys 24 tissue homogenizer (Bertin Instruments).
For cell lysis, after washing the cultured cell with PBS twice, RIPA was
added to lyse cell and no homogenize is needed. Both the tissue homogenates
and cell lysis were collected and transferred to a new tube, followed by
centrifuged at 1500 rpm for 15 min at 4°C. The protein layer was collected
and quantified using BCA Assay Kit (Solarbio, Beijing, China). The
quantified protein was then denatured with loading dye and 2-
mercaptoethanol at 95 °C on a heat block for 10 minutes. The denatured
protein samples were stored at 4 °C fridges for further use. Each lane of a
polyacrylamide gel had an equal amount of protein sample loaded onto it.
The protein sample was separated using SDS-PAGE with a Mini TransBlot®
Cell (Bio-Rad) at 100-120V constant voltage in running buffer and
transferred onto a polyvinylidene difluoride (PVDF) membrane soaked in
methanol at 10 V constant voltage on ice for 30 minutes. The membrane was
blocked for an hour at room temperature in 10 ml of 10% non-fat skimmed
milk in TBST, then incubated overnight at 4 °C with 5 ml of non-fat
skimmed milk and the primary antibody. The membrane was then incubated
with a secondary antibody diluted with 10% non-fat skimmed milk in TBST
at a ratio of 1:2500 for an additional hour at room temperature. The

membrane was then rinsed with 5 ml TBST for 5 minutes, three times. The
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membrane was then processed for visualization after being rinsed with 5 ml
TBST for 5 minutes three times. Using the ChemiDoc MP Imaging System,
enhanced chemiluminescence agents were used to see the protein bands
(BioRad, California, USA). The membrane was stripped by incubating it in
stripping buffer for 30 minutes at 50 °C. The membrane was then rinsed for
30 minutes with running tap water, then washed four times for 5 minutes
with TBST. The membrane was then once again blocked for an additional
hour with 10 ml of 10% non-fat skim milk before the above-mentioned

primary antibody incubation.

2.2.7 Quantitative real time PCR analysis

227.1 Total RNA extraction

For RNA extraction from tissue samples, samples were first homogenized
with with Precellys 24 tissue homogenizer (Bertin Instruments) in1 ml of
TRIzol reagent (TaKaRa Bio Inc., Shiga, Japan) at 4°C. The homogenate
was then centrifuged at 13000 rpm for 15 min at 4°C. The oily layer was
removed to avoid interference with RNA extraction. 1 ml of TRIzol was
added to each well of a 6-well plate in order to lyse the cells and extract the
RNA from them. 250 | of chloroform was added to each sample after the
previous stage and thoroughly mixed. Afterward, the mixture was
centrifuged at 12000 rpm for an additional 15 minutes at 4 °C. The top layer
was removed and placed in a fresh tube. Subsequently, 200 pl of isopropanol

was added to the new tube and incubated for 5 min at room temperature. The
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samples were then centrifugated at 1200 rpm at 4 °C for 10 min to
precipitated RNA. The RNA pellet was collected and washed with 1 ml 75%
ethanol for 3 times by centrifuging at 7500 rpm, 5 min at 4 °C. After that,
the pellet was air-dry and the RNase-free water was used for resuspension.
The concentration of RNA was quantified by NanoDrop™ 2000

Spectrophotometer (Thermo Scientific).

2.2.7.2 Reverse transcription

1 ug of total RNA was added for reverse transcribe into cDNA by using
PrimeScript RT Reagent Kit (Takara Bio Inc, Shiga, Japan). The details of

the transcription system were showed as follow:

Table 2.4. Set up for RT-PCR

Component Volume
Reaction buffer 5ul

dNTPs 1l
PrimeScript RTase 1 ug

Oligo dT primer 1l

Total RNA 1ug
Nuclease-free water Top up to 10 pl
Final volume 10 pl
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2.2.7.3 Real-time quantitative PCR

cDNA was then amplified with TB green Premix Ex Tagq™ Il (Til Rnase H
Plus) (TakaRa Bio Inc., Shiga, Japan). The real-time PCR was conducted
with the LightCycler 96 gPCR System (Roche, Basel, Switzerland). The
relative quantity of the targeted RNA was calculated through normalization
to the quantity of the corresponding GAPDH mRNA level. Detailed primer

sequences were listed below.

2.2.8 Statistical analysis

All analyses were performed with GraphPad Prism 7 (GraphPad, California,
USA). The results of three separate tests performed in triplicates were
provided as means £ SEM. Sample sizes of animal studies were chosen on
the basis of literature documentation of similar well-characterized
experiments, and no statistical method was used to predetermine sample size.
One-way analysis of variance (ANOVA), analysis of covariance
(ANCOVA), or the Student's t test were used to establish the statistical
significance. A statistically significant difference was defined in all

statistical comparisons as one with a p value of 0.05 or lower.

41



Chapter 3 - GPR110 is a novel
GPCR that ameliorates NAFLD in

diet-induced obese mouse model
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3.1 Introduction

Liver is a key organ that closely related to many physiological processes
such as digestion, metabolism and immunity (86). Non-alcoholic fatty liver
disease is the term used to refer to the excessive fat accumulation in the
hepatocytes of the liver that is not driven on by alcohol (NAFLD). It is
nowadays the most common pathological condition of liver. There are many
different factors contributing the development of NAFLD like lipid
metabolism disorders, over-nutrition and inflammation (87). Although
NAFLD does not has any symptoms at early stage, it will lead to non-
alcoholic steatohepatitis (NASH) with fibrosis, cirrhosis or even
hepatocellular carcinoma (88). On the other hand, NAFLD accounts for
approximately 85% of chronic non-communicable diseases (NCDs) such as
type 2 diabetes mellitus (T2DM), cardiovascular disease (CVD) and chronic
kidney disease (CKD) (89, 90). However, the current therapeutic strategy for
NAFLD is by increasing physical exercise activity as well as reducing the
hypercaloric diet. No medication is available to reverse the condition that the
excessive fat storage in liver. Therefore, it is important to unravel the
mechanism of NAFLD, in order to accelerate the development,
implementation and explore new targets for the development of diagnostic

test and cost-effective therapies (91).

GPCRs are reported to be the largest and most diverse family of membrane

receptors that play crucial roles in regulating various cellular and
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physiological processes (92). GPCRs are the main targets for authorized
medicines on the market right today. There are a few GPCRs have been
shown to play key roles in NAFLD as it is shown that modulating the
activities of these receptors may ameliorate liver-related metabolic
syndrome, which is proposed to be the potential treatment of NAFLD (93,
94). However, since these genes are nor exclusively expressed in hepatocytes,
the potential side effects on other organs should be considered when using
them as the treatment for NAFLD. To solve this problem, we screened for
liver predominant GPCRs and explored the potential roles in the treatment

of obese-induced NAFLD.

A class B orphan receptor called GPR110 is primarily expressed in the liver
(77, 95). It is found that human GPR110 (hGPR110) has a highly conserved
amino acid sequences of G protein coupled receptor transmembrane domains
by phylogenetic analysis in 2002 (62). Mouse ortholog of hGPR110 was then
identified by the same group in 2004 (77). Moreover, various splice variants
were detected in deep sequencing experiments (75, 78). The majority of
investigations on GPR110 to date have emphasized its function in cancer.
GPR110 is necessary to increase cancer cell survival, proliferation, and
migration and has been discovered to be overexpressed in a number of
malignancies, including lung, prostate, and glioma. For these reasons, it is
suggested that GPR110 may be a potential target for the anti-cancer drug
target. However, it is illustrated that GPR110 is predominantly expressed in

adult livers and the physiological function of hepatic GPR110 remains
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unexplored. In this chapter, we first revealed the role of GPR110 in whole-
body energy metabolism. Diet-induced obese (D1O) mouse model was used
to explore the role of GPR110 in the pathogenesis of obese-related NAFLD.
The metabolic phenotypes of mice were extensively investigated. GPR110
is a class B orphan receptor that is found mainly expressed in liver (77, 95).
It is found that human GPR110 (hGPR110) has a highly conserved amino
acid sequences of G protein coupled receptor transmembrane domains by
phylogenetic analysis in 2002 (62). Mouse ortholog of hGPR110 was then
identified by the same group in 2004 (77). Moreover, various splice variants
were detected in deep sequencing experiments (75, 78). Currently, most
GPR110 related studies focused on its role in cancer. In general,
overexpression level of GPR110 was found in various cancers (lung, prostate,
and glioma etc.) and it is required to promote cancer cell survival,
proliferation, and migration. For these reasons, it is suggested that GPR110
may be a potential target for the anti-cancer drug target. However, it is
illustrated that GPR110 is predominantly expressed in adult livers and the

physiological function of hepatic GPR110 remains unexplored.

In this chapter, we first revealed the role of GPR110 in whole-body energy
metabolism. Diet-induced obese (DIO) mouse model was used to explore
the role of GPR110 in the pathogenesis of obese-related NAFLD. The

metabolic phenotypes of mice were extensively investigated.
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3.2 Results

3.2.1 Liver is the main organ expresses GPR110

According to previous report, GPR110 expression is mainly expressed in
liver, as well as plays an important role in the pathogenesis of hepatic fibrosis
(96). To confirm the expression pattern of this gene, various tissues
including liver, kidney, brain and lung from 8-week-old C57BL/6J mice fed
with STC diet. gPCR was conducted for mRNA level measurement and
western blot was used for measuring the protein level, respectively.
Consistently, GPR110 is mainly expressed in the liver of adult mice (Fig.
3.1A-B). After that, hepatocytes and Kupffer cells were isolated by cell
fractionation to identify the GPR110 expressing cells in the liver. Non-
parenchymal cells (NPC) and hepatocytes were identified using the markers
CD11b and albumin, respectively. It is demonstrated that GPR110 mRNA is
mainly expressed in hepatocytes (Fig. 3.1C). This finding was in consistent

with protein levels by western blot analysis (Fig. 3.1D).
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Figure 3.1. GPR110 is mainly expressed in the liver. (A) mRNA
expression levels of GPR110 in different organs as determined by gPCR
analysis. (B) Representative immunoblotting analyses of GPR110
expression in different tissues of C57BL/J mice after STC for 8 weeks. (C)
GPR110, CD11b and albumin mRNA expression levels in hepatocytes
determined by gPCR. (D) Representative immunoblotting analyses of
GPR110, CD11b and albumin in fractions of hepatocytes or NPC isolated
from the livers of mice fed with STC; each lane is a sample from individual
mice. Data represent as mean + SEM; n = 4-5 per group; repeated with three
independent experiments; P value analyzed by two-tailed Student’s t test. *P

<0.05, **P < 0.01, ***P < 0.001.
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3.2.2 Hepatic GPR110 expression is tightly regulated by

nutrient availability

Interestingly, after HFD treatment for 8 weeks, we found that the expression
level of hepatic GPR110 was decreased to almost undetectable level as
measured by gPCR (Fig. 3.2A). FGF21 and F4/80 (also named as ADGRE1)
were used as reference gene which were significantly increased in the liver
in mice fed with HFD (97, 98). Similarly, western blot result also indicated
that the declined expression of GPR110 can be also detected in protein level
in the liver of HFD-fed mice (Fig. 3.2B upper panel) while there was no
difference detected in renal GPR110 expression (Fig. 3.2B lower panel).
Therefore, the hepatic GPR110 expression level is tightly regulated by

nutritional statuses.
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Figure 3.2. Hepatic GPR110 expression is tightly regulated by nutrient
availability. (A) mRNA expression levels of GPR110, FGF21 and F4/80
(served as a HFD marker) in the livers of mice fed with either STC or HFD
for 8 weeks as determined by gPCR. (B) Representative immunoblotting
analyses of GPR110 in mice fed with either STC or HFD for 8 weeks. Each
lane is a sample from individual mice. Data represent as mean + SEM; n = 4-
5 per group; repeated with three independent experiments; P value analyzed

by two-tailed Student’s t test. *P < 0.05, **P < 0.01, ***P < 0.001.
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3.2.3 rAAV/ApoE-mediated gene expression system successfully

increases the expression of GPR110 in hepatocytes

Based on the notable difference in hepatic GPR110 expression level before
and after HFD treatment, we hypothesized that downregulation of GPR110
in HFD-fed mice may be implicated in the pathogenesis of obesity, such as
fatty liver. GPR110 was overexpressed in the hepatocytes of DIO mice using
a liver-directed rAAV/ApoE-mediated gene expression system to assess the
effects of GPR110 on metabolism (Fig. 3.3A). By using gPCR and western
blot analysis, the overexpression of GPR110 in the mice's livers was
confirmed (Fig. 3.3B-C). Liver-directed rAAV/ApoE-mediated gene
expression did not have an impact on the level of renal GPR110 expression
(Fig. 3.3C). This result is consistent with the mice fed with HFD (Fig. 3.3
D-E). In addition, according to the cell fractionation, we noticed that the
rAAV-mediated GPR110 overexpression was solely in hepatocytes, rather

than in NPC (Fig. 3.3F).

50



S = G
A B c rAAV-GFP FAAV-GPR110 B3 GPR110
-—

s
99kDa R GPR11D
ARV - 40 P - e 4
! Insulin/ % Ze
e 1o oo et o [T MM oo 150
Bwks 228 EE
Qmel 111 EEE, i
cd £58
~n

43kDa fubulin
CSTBLIG 2358
Swaek-old male mice é =1 Kidney
E [

rAAV-GFP FAAV-GPR110
I
e R
D E F o
e - GFP
AR . 40 Hepatocyte NPG GPRI10
Imu”ﬂf H TARV- ARV rAAV. FARV- =
o W | em T m Endpoint HR Sl o _apana S deane
| s | 1 1 | | g2 g
% WO Wie Wil w1z wi3 igg 2 ion — ﬁ | cerin0
e ]
Bwaek-old male mice 5 .0 P s — v e | O
E . 89kD: _{ - - - - ] mmmmmm
tskm—{ ---—-———_-_gl Bas

Figure 3.3. rAAV/ApoE-GPR110 increases the expression level of
GPR110 in hepatocytes. (A) Schematic illustration of viral treatments. (B)
Hepatic mMRNA expression levels of GPR110 from rAAV-GPR110 STC-fed
mouse livers. (C) Immunoblotting analysis of hepatic protein expression
levels of GPR110 from rAAV-GPR110 mice. (D) Schematic illustration of
viral treatments. (E) Hepatic GPR110 mRNA expression levels in
hepatocytes or NPC from HFD-fed mouse livers. (F) Immunoblotting
analyses of GPR110, CD11b and albumin from hepatocytes or NPC. Data
represent as mean + SEM; n = 8 mice per group; repeated with three
independent experiments; P value analyzed by two-tailed Student’s t test. *P

<0.05, **P < 0.01, ***P < 0.001.
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3.24 Overexpression of GPR110 in hepatocytes only slightly

accelerates metabolic dysregulation in STC mice

After injecting the rAAV-GPR110 in STC mice, the metabolic phenotypes
were measured. However, it is found that overexpressing GPR110 in the
liver of STC-fed mice will not affect body weight (Fig. 3.4A), fasting
glucose level (Fig. 3.4B), fasting insulin level (Fig. 3.4C) and homeostatic
model assessment for insulin resistance (HOMA-IR) (Fig. 3.4D). Only a
slight increase at the time points of 30 and 60 min of glucose excursion curve
in response to GTT (Fig 3.4E). Regarding the hepatic glucose production
ability, the higher levels were only detected at the time point of 90 and 120
min in PTT (Fig. 3.4F). ITT revealed no differences in insulin sensitivity
between rAAV-GFP and rAAV-GPR110 animals that were fed STC (Fig.

3.4G).

3.2.5 GPR110 overexpression only impacts triglyceride metabolism

rather than other lipids in STC mice

Apart from the glucose related phenotypes, we also measured the lipid
profile of rAAV-GPR110 mice. It was discovered that the serum CHO level
in the GPR110 overexpression group was trending rising (p=0.06) (Fig.
3.5A). In comparison to the GFP group, the GPR110 overexpression group
had a significantly higher level of serum TG (Fig. 3.5B), while no difference

detected regarding the serum FFA content (Fig. 3.5C).
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Figure 3.4. Overexpression of GPR110 in hepatocytes only slightly
accelerates metabolic dysregulation in STC mice. (A) The change of body
weight and (B) fasting blood glucose were measured. (C) Fasting blood
insulin level and (D) HOMA-IR values were measured and calculated at the
end the experiment. (E) GTT (1g/kg BW, left) and AUC (right) were
measured. (F) PTT (1g/kg BW, left) and AUC (right) were conducted. (G)
ITT (0.5 U/kg BW, left) and AUC (right) were conducted. Data represent as
mean + SEM; n = 8 mice per group; repeated with three independent
experiments; P value analyzed by two-tailed Student’s t test. *P < 0.05, **P

<0.01, ***P < 0.001.
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3.2.6 Overexpression of GPR110 in hepatocytes accelerates

metabolic dysregulation caused by HFD

Interestingly, rAAV-GPR110 mice developed greater body weight and body
fat mass under HFD treatment than their rAAV-GFP littermates (Fig. 3.6A).
Besides, a higher percentage of fat mass (Fig. 3.6B) and a lower proportion
of lean mass (Fig. 3.6C) were noticed in the GPR110 overexpression group.
Moreover, the fasting glucose level (Fig. 3.6D), fasting insulin level (Fig.
3.6E) and HOMA-IR (Fig. 3.6F) were all higher in the HFD-fed rAAV-
GPR110 mice. Increased glucose intolerance was detected in rAAV-
GPR110 mice fed with HFD (Fig. 3.6G). Hepatic glucose production was
dramatically boosted in PTT by overexpressing GPR110 in the livers (Fig.
3.6H). ITT demonstrated that when compared to their control HFD-fed
rAAV-GFP littermates, glucose levels in HFD-fed rAAV-GPR110 mice
remained unresponsive at 30 to 60 minutes following insulin injection (Fig.
3.61). In conclusion, we found that overexpressing GPR110 in the livers of
STC-fed mice led to a modest impairment in glucose homeostasis; however,
a more severe impairment was found when HFD was imposed on the rAAV-

GPR110 mice.
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Figure 3.6. Overexpression of GPR110 in hepatocytes exaggerates
metabolic dysregulation under HFD. (A) Body weight, (B) fat mass and
(C) lean mass were assessed in different groups. (D) Fasting blood glucose
level were measured biweekly. (E) The fasting serum insulin level and (F)
HOMA-IR index were measured and calculated at the end of the experiment.
(G) GTT (1g/kg BW, left) and AUC (right) of serum glucose. (H) PTT
(19/kg BW, left) and AUC (right) of serum glucose. (I) ITT (0.5 U/kg BW,
left) and AUC (right) of serum glucose. Data represent as mean = SEM; n =
8 mice per group; repeated with three independent experiments; P value

analyzed by two-tailed Student’s t test. *P < 0.05, **P < 0.01, ***P < 0.001.
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3.2.7 GPR110 overexpression exacerbates the lipid disorder in

HFD mice

In addition, we also assessed the content of circulating lipids in those rAAV-
GPR110 mice to explore if there have any changes in the lipid metabolism.
Surprisingly, comparing to the STC mice, the gap of serum CHO was
increased and can be observed in those GPR110 overexpression mice with
HFD-fed (Fig. 3.7A). The significantly higher content of circulating TG can
still be detected in the overexpression mice after HFD treatment (Fig. 3.7B).
However, there remained no difference regarding the serum FFA level
between these two groups (Fig. 3.7C). Collectively, hepatic overexpression
of GPR110 accelerated the severity of obesity as well as the progress the
glucose intolerance, especially after HFD treatment. The GPR110

overexpression mice also shown to have a worse lipid profile in DIO mice.
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3.2.8 Hepatic knockdown of GPR110 does not affect the metabolic

phenotypes in STC mice

Based on the data above, we found that the overexpression of hepatic
GPR110 may lead to a worse metabolic disorder in HFD mice. Therefore, to
confirm that these findings were due to the overexpression of GPR110, two
sequences of N-acetylgalactaosamine (GalNAc) conjugated antisense
oligonucleotides (ASO-GPR110s), targeting to different regions of GPR110

MRNAs, were used to knockdown the hepatic expression of GPR110 in mice.

We used ASO-GPR110s to knockdown the hepatic expression in STC mice
to explore if there has any difference between the control group (Fig. 3.8A).
Since ASOs will degraded in the body within 7 days, we kept injecting the
sequences into mice every five days to make sure the hepatic GPR110
expression is knockdown. We first confirm the knockdown effect by gPCR
analysis. It is shown that only hepatic GPR110 had a lower expression in the
knockdown while no difference detected in renal GPR110 expression (Fig.
3.8B), implying that using ASO-GPR110 can efficiently knockdown the
expression level in the liver. Western blot analysis also shown the similar
results at protein level, where hepatic GPR110 protein level in both ASO-
GPR110s were significantly lower than the negative control -scrambled

ASO (ASO-NC) group (Fig. 3.8C).

However, based on our observations, chronic knockdown of hepatic GP110
by ASO-GPR110 treatment for 4 weeks does not affect the body weight (Fig.
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3.9A) and fasting blood glucose (Fig. 3.9B), but slightly lowered insulin
level (Fig. 3.9C) and HOMA-IR (Fig. 3.9D) when compared to their ASO-
NC littermates. Moreover, regarding to the glucose metabolism, no
differences detected in GTT (Fig. 3.9E), PTT (Fig. 3.9F) and ITT (Fig. 3.9G)

between ASO-GPR110s and ASO-NC groups under STC feeding conditions.

3.2.9 Knockdown of hepatic GPR110 does not affect the

circulating lipid abundance in STC mice

Except for the glucose related phenotypes, we also measured the lipid profile
of ASO-GPR110s mice. It was illustrated that although there has a slightly
decrease in the level of serum CHO, no statistical significance can be found
among these three groups (Fig. 3.10A). Similar results can also be found in

serum TG (Fig. 3.10B) and serum FFA (Fig. 3.10C).
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U/kg BW, left) and AUC (right) of serum glucose. Data represent as mean +
SEM; n =8 mice per group; repeated with three independent experiments; P
value analyzed by two-tailed Student’s t test. *P < 0.05, **P < 0.01, ***P <

0.001.
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Figure 3.10. Hepatic knockdown of GPR110 does not modulate the
circulating lipid levels in STC mice. (A) Serum CHO, (B) serum TGs and
(C) serum FFA levels. Data represent as mean £ SEM; n = 8 per group;

repeated with three independent experiments; P value analyzed by two-tailed

Student’s t test. *P < 0.05, **P < 0.01, ***P < 0.001.
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3.2.10 Suppressing GPR110 improves glucose homeostasis in

HFD-fed rAAV-GPR110 mice

Since the hepatic GPR110 will decrease to nearly undetectable after HFD
treatment, we used ASO-GPR110s to knockdown the expression level in
mice which were already had the rAAV-GPR110 overexpression in liver to
further confirm the physiological role of GPR110 (Fig. 3.11A). First, we
checked both the overexpression and knockdown effect in those HFD mice.
Both gPCR and western blot results demonstrated that the mRNA and
protein level were decreased after receiving the ASO-GPR110s (Fig. 3.11B-

Q).

In contrast to the STC-fed mice, chronic treatment of ASO-GPR110s will
lead to a significantly decrease in body weight (Fig. 3.12A) and fat mass
ratio (Fig. 3.12B-C). A lower fasting blood glucose (Fig. 3.12D) and a higher
fasting insulin level (Fig. 3.12E) were also detected after the chronic ASO
treatment in GPR110 overexpression mice. A lower HOMA-IR (Fig. 3.12F)
was found in those ASO-GPR110 mice. Furthermore, when comparing to
ASO-NC group, treatments of ASO-GPR110s improved glucose tolerance,
pyruvate tolerance as well as insulin sensitivity in HFD-fed rAAV-GPT110
mice as illustrated by GTT (Fig. 3.12G), PTT (Fig. 3.12H) and ITT (Fig.
3.121). These findings were consistent with previous data, implying that the
deletion of hepatic GPR110 by ASOs improved glucose homeostasis in

HFD-fed mice.
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GPR110-overexpressing HFD-fed mice. (A) Schematic illustration of viral
treatments. (B) Hepatic mRNA expression levels of GPR110 from different
groups of mice received either GFP-NC, GPR110-NC, GPR110-ASO1 or
GPR110-AS02, mice were fed with HFD, respectively, as determined by
gPCR analysis. (C) Immunoblotting analysis of hepatic protein expression
levels of GPR110 from HFD-fed mouse liver with GPR110 overexpression
and knockdown. Each lane is a sample from individual mice. Data represent
as mean £ SEM; n = 8 mice per group; repeated with three independent
experiments; P value analyzed by two-tailed Student’s t test. *P < 0.05, **P

<0.01, ***P < 0.001.
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Figure 3.12 Suppressing GPR110 improves glucose homeostasis in

rAAV-GPR110 mice fed with HFD. (A) Body weight, (B) fat mass, (C)

lean mass were measured at the end of the experiment. (D) The fasting blood

glucose level. (E) Fasting serum insulin level and (F) HOMA-IR index were

measured and calculated at the end of the experiment. (G) GTT (1 g/kg BW),

(H) PTT (1 g/kg BW, left) and (I) ITT (0.5 U/kg BW, left) and AUC (right)

of serum glucose. Data represent as mean £ SEM; n = 8 mice per group;

repeated with three independent experiments; P value analyzed by two-tailed

Student’s t test. *P < 0.05, **P < 0.01, ***P < 0.001.
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3.2.11 Treatment of ASO-GPR110s improves serum lipid

profiles and attenuates liver damage in HFD-fed rAAV-GPR110 mice

On the other hand, we also checked the circulating lipid profiles of these
mice to explore whether there will have any differences after injecting ASO-
GPR110s. It is found that HFD-fed rAAV-GPR110 mice had higher
circulating CHO and TG levels than their rAAV-GFP littermates, but the
levels were decreased after receiving chronic ASO treatment (Fig. 3.13A-B).
No difference was observed in the circulating FFA levels among these
groups (Fig. 3.13C). In addition, a higher HDL level can by detected in HFD
mice with hepatic GPR110 overexpression, but the content was decreased
after chronic ASO treatment. In contrary, regarding the LDL level, GPR110
overexpression leaded to a significantly increase but neither ASO-GPR110
can reverse it (Fig. 3.13D). Notably, when measuring the level of liver
enzymes aspartate transaminase (AST) and alanine aminotransaminase
(ALT), which were generally used as markers of liver damage and
hepatoxicity, we found that in rAAV-GPR110 mice, the levels of these
enzymes were remarkably increased. After receiving the chronic ASO-
GPR110 treatment, the levels were decreased to their control littermates (Fig.

3.13E).
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Figure 3.13 Treatment with ASO-GPR110s leads to an improved lipid

profiles and alleviated liver damage in HFD-fed mice with rAAV-

GPR110 overexpression. (A) Serum CHO, (B) serum TGs and (C) serum

FFA levels measured at week 13. (D) Serum HDL and LDL. (E) The levels

of serum AST, ALT. Data represent as mean £ SEM; n = 8 mice per group;

repeated with three independent experiments; P value analyzed by two-tailed

Student’s t test. *P < 0.05, **P < 0.01, ***P < 0.001.
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3.2.12 Knockdown of hepatic GPR110 in overexpressing mice

alleviates hepatic steatosis in HFD mice

Since we found that the change of body weight among these groups were
very dramatic, we measured the liver wight / body weight ratio to see
whether the liver weight also changed under different conditions. It is shown
that the HFD-fed rAAV-GPR110 mice were much heavier (Fig. 3.14A) and
paler (Fig. 3.14B, upper panel) than that from their rAAV-GFP littermates
and ASO-GPR110s. According to haematoxylin and eosin (H&E) staining
(Fig. 3.14C, middle panels) and Oil Red O staining (Fig. 3.14D; lower
panels), HFD-induced lipid deposits within hepatocytes were significantly
more abundant in the livers of HFD-fed rAAV-GPR110 mice than the

rAAV-GFP littermates.

3.2.13 GPR110 knockdown improves the hepatic lipid profile in

HFD-fed GPR110 overexpression mice

The hepatic lipid profiles of rAAV-GRP110 animals, including CHO (Fig.
3.15A), TG (Fig. 3.15B), and FFA (Fig. 3.15C), may be improved by
treatment with ASO-GPR110s for 8 weeks, similar to the circulating lipid
profiles indicated above. In conclusion, overexpressing hepatic GPR110 in
mice is enough to disrupt lipid metabolism, which in turn retards the

development of NAFLD.
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Figure 3.14 Overexpression of hepatic GPR110 results in a heavier and
paler liver in HFD mice while down-regulation of hepatic GPR110
protects against the lipid accumulation. (A) The ratio of the liver weight
against body weight were calculated after sacrificing the mice from four
different groups. (B) Representative gross pictures of liver tissues (upper
panels), representative images of H&E (middle panels) and Oil Red O (lower
panels) staining of liver sections (200um). The percentage of lipid area
according to H&E staining (right panel). Data represent as mean + SEM; n
= 8 mice per group; repeated with three independent experiments; P value

analyzed by two-tailed Student’s t test. *P < 0.05, **P < 0.01, ***P < 0.001.
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3.3 Summary

In this chapter, we first confirmed that both GPR110 mRNA and protein is
mainly expressed in liver. Based on the cell fractionation, we identified that
this gene was expressed in hepatocytes but not Kupffer cells in the liver.
Besides, our finding illustrated that the expression level of hepatic GPR110
was closely regulated by the nutrient availability and the content will
dramatically decreased after HFD treatment. Furthermore, we used rAAV-
GPR110 to build the hepatic GPR110 overexpression mice models and
revealed that when mice were fed with STC, there was no obvious changes
can be detected in the overexpression group when compared to the rAAV-
GFP littermates. However, when mice were treated with HFD, hepatic
GPR110 overexpression will lead to a worse ability of glucose metabolism
as well as the lipid profile. To further confirm the physiological role of
hepatic GPR110, we then used ASO-GPR110 to knockdown its hepatic
expression level. Similar to the overexpression group, no differences were
detected in mice treated with STC. But after receiving the chronic ASO-
GPR110 treatment for four weeks, the glucose intolerance and lipid
disorders were alleviated in HFD-fed rAAV-GPR110 mice. Moreover, apart
from the circulating lipids, the HDL, AST, ALT and hepatic lipid profiles
were also shown to be improved after chronic ASO treatment to knockdown

the hepatic expression of GPR110.
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Chapter 4 - The metabolic disorder
of rAAV-GRP110 mice is correlated
to the upregulated expression of

SCD1
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4.1 Introduction

NAFLD is due to the excessive fat accumulation in the liver, which may
consequently result in a series of hepatic abnormalities such as hepatic
fibrosis and chronic inflammation. Notably, recent research revealed that
there are many different types of factors will be contributing to the
pathogenesis of NAFLD (99, 100). It is reported that the two major causes
result in the occurrences of NAFLD is lipid accumulation in hepatocytes and
inflammation injury (101). Therefore, it is definitely associated with a
reprogramming of hepatic metabolism, causing from disorders of major
molecular mechanisms and gene expression which is involved in hepatic

lipid metabolism (102).

It is widely acknowledged that hepatic de novo lipogenesis (DNL), rather
than the uptake of circulating free fatty acids (FFAs), impaired lipid B-
oxidation, or decreased VLDL secretion, is a major contributor to the excess
lipids and hepatic steatosis in various contexts (such as obesity and high-
carbohydrate diet) (13). A family of enzymes precisely drive the newly
synthesized lipids using non-fat materials like carbohydrates in DNL under
various dietary situations. Transcription factors like SREBP-1c, LXR, RXR,
and ChREBP are thought to play a role in controlling the expression of DNL-
associated enzymes like FASN, SCD1, and ACCCA within the intricate
molecular regulatory networks controlling the hepatic DNL. Although a lot

of study has gone into understanding the regulatory networks, the
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fundamental molecular mechanisms that control hepatic DNL are still not

fully understood (103-107).

In this chapter, we would like to explore how GPR110 regulates the lipid
metabolism in the liver. We used hepatic GPR110 overexpression HFD-fed
mice model to find the downstream target of GPR110 and try to develop a

new strategy for NAFLD therapy.
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4.2 Results

4.2.1 SCD1 may be the potential downstream target of GPR110

To reveal the molecular mechanism underlying the involvement of hepatic
GPR110 in the progression of NAFLD, we used RNA-sequencing analysis.
The RNA samples were extracted from the livers of HFD-fed ASO-NC
treated rAAV-GFP, ASO-NC treated rAAV-GPR110 and ASO-GPR110
treated rAAV-GPR110 mice. It is shown that the lipid metabolism is the
most relevant pathway in research for metabolisms (Fig. 4.1A). Among these
gene, we found that stearoyl CoA desaturase 1 (SCD1) had the largest
change among different groups (Fig. 4.1B). To further validate the
sequencing data, g°PCR was conducted, and the results were in consistence,
where SCD1 tended to be the largest changed gene (Fig. 4.1C). SCDL1 is
reported to be a key lipogenic enzyme that closely related to the lipid
metabolism. It is responsible for the rate-limiting step in the synthesis of
monounsaturated fatty acids (MUFAS) such as oleate and palmitoleate, by
forming double bonds in saturated fatty acids (80). MUFASs act as substrates
for the synthesis of various kinds of lipids. Moreover, increased SCD1
activity is revealed to be involved in the development of NAFLD,

hypertriglyceridemia and diabetes (81, 82).
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Figure 4.1. SCD1 is a potential downstream target of GPR110 related to
the lipid metabolism. Mice were sacrificed and mRNA of liver from each
group were extracted for RNA-seq analysis. (A) KEGG pathway assay of
differential mRNA transcripts in rAAV and ASO groups identified. (B) Heat
map show the log2 scale fold change in the expression levels of a set of genes
involved in lipid metabolism from RNA seq data of livers. n=3 per group.
(C) mRNA expression levels of genes according to the heatmap from
different groups of mice received either GFP-NC, GPR110-NC, GPR110-
ASO1 or GPR110-ASO2 fed with HFD, respectively, as determined by
gPCR analysis. Data represent as mean + SEM; n = 8 mice per group;
repeated with three independent experiments; P value analyzed by two-tailed

Student’s t test. *P < 0.05, **P < 0.01, ***P < 0.001.
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4.2.2 Expression levels of hepatic GPR110 are also correlated to SCD1

expression and severity of hepatosteatosis in humans

To explore the possible clinical relevance of our findings, we also check the
expression level of GPR110 in human liver which was a published
transcriptome dataset Gene Expression Omnibus (GEO; Profile # GDS4881
/ 8126820). The researchers used liver biopsy samples of human from
control (healthy) to patients with different phases of NAFLD to do the
screening work. In agreement with our findings in animal models, healthy
obese subjects without NAFLD have a much lower GPR110 expression level
in the liver, but the level of hepatic GPR110 decreased in obese subjects, the
degree of decrease was not as dramatic as in mice (Fig. 4.2A). Obese patients
who were diagnosed with NAFLD tend to have a higher hepatic expression
level. In addition, we also explore the correlation between the expression
level of GPR110 and SCD1 in liver (Fig. 4.2B). Interestingly, in agreement
with our RNA-seq results, the hepatic SCD1 mRNA levels exhibited a
positive association with GPR110 mRNA (r?=0.4635; p = 0.0044; Fig. 4.2B).
Collectively, both human and mice’s hepatic GPR110 expression levels were
decreased in obese subjects without NAFLD, but its level will increase when
NAFLD occurred. Moreover, hepatic SCD1 expression is tightly related to
the hepatic expression of GPR110, which gives a hint that SCD1 may be the

potential downstream target of GPR110, regulating the lipid metabolism.
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Figure 4.2. Expression level of hepatic GPR110 is also related to the
severity of NAFLD and expression of hepatic SCD1 in humans. (A)
Normalized Log. mRNA expression of GPR110 in lean people without
NAFLD (n=12), obese people without NAFLD (n=17) or obese patients with
NAFLD (n=8) according to the GEO database (GEO; Profile # GDS4881 /
8126820). (B) Correlation between GPR110 and SCD1 in liver of human
subjects based on the GEO database. Data represent as mean + SEM; n =8
mice per group; repeated with three independent experiments; P value

analyzed by two-tailed Student’s t test. *P < 0.05, **P < 0.01, ***P < 0.001.
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4.2.3 The upregulation of SCD1 expression is driven by the presence of

GPR110

We conducted in vitro assays to confirm SCD1 expression is induced by
GPR110, by using adenovirus mediated GPR110 expression system (ADV-
GPR110) to overexpress GPR110 in primary hepatocytes isolated from
STC-fed mice. Similar to the animal experiments, after infection, the ASO-
GPR110s were added to knockdown the expression of GPR110 in ADV-
infected primary hepatocytes. The expression level of SCD1 was measured.
gPCR analysis indicated that SCD1 mRNA level was significantly increased
in primary hepatocytes infected with ADV-GPR110 but not ADV-GFP (Fig.
4.3A). Western blot experiment of SCD1 protein also revealed a similar

pattern (Fig. 4.3B).
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Figure 4.3. SCD1 expression is regulated by GPR110 in primary
hepatocytes. (A) Primary hepatocytes were infected with either adenoviral
vector expressing GPR110 (ADV-GPR110) or control adenovirus expressing
GFP (ADV-GFP) 24h after plating, followed by transfection with ASO1-
GPR110, ASO2-GPR110 or ASO-NC for another 6 hours. mRNA expression
levels of GPR110 and SCD1 from different groups were assessed, as
determined by gPCR analysis. (B) Immunaoblotting analysis for the expression
level of GPR110 and SCD1 from different groups of primary hepatocytes.
Each lane is a sample from a different plate. Data represent as mean + SEM,;
n = 8 mice per group; repeated with three independent experiments; P value

analyzed by two-tailed Student’s t test. *P < 0.05, **P < 0.01, ***P < 0.001.
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4.2.1 Cellular lipid abundance is correlated to the expression level of

GPR110

We also measured the lipid content of the primary hepatocytes infected with
ADV and ASO. Consistent with our in vivo observations, we found that
overexpression of GPR110 increased the intracellular CHO (Fig. 4.4A), TG
(Fig. 4.4B) and FFA (Fig. 4.4C). These results were similar with the lipid
pattern where primary hepatocytes were treated with rAAV-GPR110 and
shSCD1 to repress the expression level of SCD1 (Fig. 4.4A-C). Collectively,
the increases of lipid contents may be partially repressed by overexpressing

SCD1 specific shRNAs and completely repressed by ASO against GPR110.
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Figure 4.4. Cellular lipid abundance is closely correlated to GPR110
expression. (C) Primary hepatocytes were infected with either adenoviral
vector expressing GPR110 (ADV-GPR110) or control adenovirus expressing
GFP (ADV-GFP), followed by transfecting with scramble or shSCD1-1 or
shSCD1-2 plasmids for another 72 hours. Intracellular lipids were extracted
and CHO (C), TG (D), and FFA (E) were assessed. Data represent as mean +
SEM; n = 8 mice per group; repeated with three independent experiments; P
value analyzed by two-tailed Student’s t test. *P < 0.05, **P < 0.01, ***P <

0.001.
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4.2.2 Luciferase reporter assay confirms that SCD1 is a downstream

target of GPR110

To further validate that the expression of SCD1 was transcriptional regulated
by GPR110, in vitro luciferase reporter assays were conducted. We first
constructed plasmid harbouring luciferase gene driven by the mouse SCD1
promoter (-2000 to +100) in pGL3-basic backbone. This plasmid was then
transfected into HEK293 cells. On the other hand, since previous study
demonstrated that DHEA was a ligand of GPR110 (79), we here used DHEA
to activate the activity of GPR110 in the cell lines. It is found that there was
no change of luciferase activity of pGL3-SCD1 promoter-Luciferase
transfected HEK293 cells to the treatment of GPR110 ligand unless the cells
were pre-infected with ADV-GPR110 for the overexpression (Fig. 4.5A).
Thus, it can be concluded that the transcription level of SCD1 is regulated
by GPR110. Additionally, no differences can be observed in the mRNA
expression of GPR110 and SCD1 in HEK?293 cells infected with ADV-GFP.
But the expression of these two genes were increased after ADV-GPR110
infection. It is shown that the highest SCD1 mRNA was found under the

condition which treated with both ADV-GPR110 and DHEA (Fig. 4.5B).
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Figure 4.5. SCD1 expression is the downstream target of GPR110 by a
luciferase reporter assay. (A) HEK293 cells were infected with pGL3-
SCD1 promoter-luciferase plasmid and adenoviral vector expressing
GPR110 (ADV-GPR110) or GFP (ADV-GFP) for 24 h and DHEA was
added to the transfected cells at the concentration of 100 uM for 48 h. Cell
lysates were used for luciferase assay. Lysates from the cell co-transfection
with pGL3-SCD1 promoter-luciferase plasmid and ADV-GFP without
treatment of DHEA was set as 1 for fold-change calculation. (B) HEK293
cells were infected with adenoviral vector expressing either GPR110 (ADV-
GPR110) or GFP (ADV-GFP) for 24 h and DHEA was added to the infected
cells at the concentration of 100 uM for 48 h. Cells were harvested and
MRNA expression levels of GPR110 and SCD1 were determined by gPCR
analysis. Data represent as mean + SEM; n = 8 mice per group; repeated
with three independent experiments; P value analyzed by two-tailed

Student’s t test. *P < 0.05, **P < 0.01, ***P < 0.001.
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4.2.3 Inhibition of SCD1 in rAAV-GPR110 mice attenuates the

severity of obesity in rAAV-GPR110 mice

To examine whether the up-regulation of hepatic SCD1 expression is the
reason that leads to the metabolic dysregulation in rAAV-GPR110 obese
mice, a liver-specific SCD1 inhibitor MK8245 was used and given to the
hepatic GPR110 overexpression mice (Fig. 4.6A) (108, 109). Chronic
treatment of MK8245 for 11 weeks will not affect the expression of GPR110
MRNA (Fig. 4.6B) as well as the protein level (Fig. 4.6C) in rAAV-GPR110

mice.

Similar to previous studies which illustrated that the chronic treatment of
MK8245 will improve different metabolic parameters (108), we found that
the treatment of SCD1 inhibitor lowered the body weight (Fig. 4.7A),
improved glucose homeostasis including fasting blood glucose level (Fig.
4.7B), fasting insulin level (Fig. 4.7C) and HOMA-IR (Fig. 4.7D). The
improved glucose metabolic ability was also showed in GTT (Fig. 4.7E) and
PTT (Fig. 4.7F) when compared to the untreated littermates. There remained
no difference detected in insulin sensitivity according to the result of ITT

(Fig. 4.7G).

86



= GFP+Veh.

ns
A B ok | B3 GPR110+Veh.

B3 GPR110+MKB245

Inhibitor 60
<
. E 50
i
l l l‘ l l Insulin/ 2 40
= HFD & PTT T Endpoint g %
Quewer 1 1 ™ H
wo w2 wio Wil w12 W13 £ 2
s7eL/e) '-o'
B-week-old male mice © o
C rAAV-GFP FAAV-GPR110
-
Veh. Veh,  MKB245 4 i
<
= — 2 333
99kDa ! A = GPRH1O S £¢
i & i Eﬁ 2
£53
mmu—' - . -———-—---—lsm" §§‘t-1
i

o

ssios —| MMM 1| 5o

Figure 4.6. Inhibition of SCD1 will not affect the hepatic GPR110
expression. (A) Schematic illustration of viral treatments. (B) Hepatic
MRNA expression levels of GPR110 from different groups of mice received
rAAV and inhibitor fed with HFD respectively, as determined by gPCR
analysis. (C) Immunoblotting analysis for the hepatic protein expression
level of GPR110 and SCD1 from different groups of mice fed with HFD.
Each lane is a sample from a different individual. Data represent as mean *
SEM; n =8 mice per group; repeated with three independent experiments; P
value analyzed by two-tailed Student’s t test. *P < 0.05, **P < 0.01, ***P <

0.001.
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Figure 4.7. SCD1 inhibition alleviates the glucose impairment in mice
with hepatic GPR110 overexpression. (A) Body weight and (B) fasting
blood glucose level were measured. (C) The fasting blood insulin level and
(D) HOMA-IR index were measured and calculated at the end of the
experiment. (E) GTT (1g/kg BW, left) and AUC (right) of serum glucose at
the week of 10. (F) PTT (1g/kg BW, left) and AUC (right) of serum glucose
at week 11. (G) ITT (0.5 U/kg BW, left) and AUC (right) of serum glucose
at week of 12. Data represent as mean = SEM; n = 8 mice per group; repeated
with three independent experiments; P value analyzed by two-tailed

Student’s t test. *P < 0.05, **P < 0.01, ***P < 0.001.
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4.2.4 Treatment with the SCD1 inhibitor in rAAV-GPR110 mice

lowers the circulating lipid levels

Besides, MK8245 treatment also improved the circulating lipid profile
including CHO (Fig. 4.8A) and TG (Fig. 4.8B) to almost the level of rAAV-
GFP littermates. FFA remained no difference among these groups (Fig.
4.8C). Even though a relatively higher HDL can be found in the SCD1
inhibition group but there was no difference regarding the level of LDL (Fig.
4.8 D). Moreover, the degree of liver damage was also alleviated as the liver
enzymes AST and ALT level were decreased in the inhibitor group
compared to the overexpression one (Fig. 4.8E). To conclude, treating SCD1
inhibitor MK8245 improved the lipid profile as well as the severity of liver

damage in GPR110 overexpression group.

4.2.,5 Hepatic SCDL1 inhibition alleviates the severity of hepatic

steatosis in GPR110-overexpressing mice

In terms of the hepatic lipid accumulation, we found that the inhibitor
treatment group showed a lower liver/body weight ratio compared to the
rAAV-GPR110 group (Fig. 4.9A). This result can also be observed in the
H&E as well as Oil Red O staining, showing that the rAAV-GPR110 had a
highest lipid content in the liver but the severity was improved after MK8245

treatment (Fig. 4.9B).
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Finally, we measured the hepatic lipid content in mice. Similarly, the content
of CHO (Fig. 4.10A), TG (Fig. 4.10B) and FFA (Fig. 4.10C) decreased in
the SCD1 inhibition group. To conclude, chronic treatment of SCD1
inhibitor MK8245 will partially alleviated the lipid accumulations in the

liver.
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Figure 4.8. Inhibiting hepatic SCD1 alleviates the severity of lipid
accumulation in GPR110 overexpression mice. (A) Serum CHO, (B) serum
TGs and (C) serum FFA levels at the end of experiment. (D) Serum HDL and
LDL, (E) AST and ALT level of each group of mice were measured at the end
of the experiment. Data represent as mean = SEM; n = 8 mice per group;

repeated with three independent experiments; P value analyzed by two-tailed

Student’s t test. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 4.9. Hepatic SCD1 inhibition alleviates the severity of hepatic
steatosis in GPR110 overexpression mice. (A) The ratio of the liver weight
against body weight were calculated after sacrificing the mice from four
different groups. (B) Representative gross pictures of liver tissues (upper
panels), representative images of H&E (middle panels) and Oil Red O (lower
panels) staining of liver sections (200um). The percentage of lipid area
according to H&E staining (right panel. Data represent as mean + SEM; n=8
mice per group; repeated with three independent experiments; P value

analyzed by two-tailed Student’s t test. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 4.10. Inhibition of hepatic SCD1 prevents the over-accumulation
of hepatic lipids in rAAV-GPR110 mice. (A) Hepatic CHO, (B) hepatic TGs
and (C) hepatic FFA were normalized by the weight of liver samples used for
lipid extraction. Data represent as mean = SEM; n = 8 mice per group;
repeated with three independent experiments; P value analyzed by two-tailed

Student’s t test. *P < 0.05, **P < 0.01, ***P < 0.001.
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4.3 Summary

In this chapter, we aimed to explore the downstream target of GPR110.
Therefore, we first used RNA-sequencing to screen the genes that may
potentially be relevant to the GPR110 from either rAAV-GFP or rAAV-
GPR110 treated with ASO-GPR110 or ASO-NC group. It is found that lipid
metabolism had the most genes involved in and among them, SCD1 had the
highest variation. SCD1 is known to be the key gene which regulate the lipid
metabolism in animal models. Given the hypothesis that SCD1 may be the
downstream target of GPR110, we first used in vitro assay to prove that the
expression of SCD1 is closely related to the level of GPR110. And the
luciferase reporter assays also revealed that the transcriptional level of SCD1
is regulated by the expression and the activation of GPR110. Therefore, we
used the liver specific SCD1 (MK8245) to inhibit its function in hepatic
GPR110 overexpression mice. As expect, chronic treatment of SCD1
inhibitor leaded to a better metabolism ability in GPR110 overexpression
mice, especially improved the hepatic lipid accumulation. Treating SCD1
inhibitor had a similar effect with ASO-GPR110s, demonstrating that the
compensated effect of ASO-GPR110 may be due to the lower expression

and activity of SCDL1 in the liver.

To conclude, SCDL1 is a downstream target of GPR110, which regulates the

lipid metabolism in the liver.
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Chapter 5 - General discussion
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5.1 GPR110 expression is closely related to a metabolic

disorder in the liver

In this study, we reported a correlation between a novel GPCR — GPR110
and liver steatosis in mice and human. The published studies of GPR110
now are mainly focus on its immunological function, no article aimed to
explore its role in metabolism. We are the first to demonstrated that GPR110
is required for regulating lipid content in liver in the DIO mice by both

gaining and losing function approaches.

Briefly, by overexpression of hepatic GPR110 level, the HFD-induced
steatosis and liver injury will be promoted in DIO mice. ASO was used to
knockdown the hepatic expression of GPR110 as the sequences we used
were N-acetylgalactaosamine (GalNAc) conjugated, which may bind to the
regions of GPR110 mRNA to suppress its expression. Moreover, since liver
hepatocytes has abundant and exclusive expression of asialoglycoprotein
receptors, which are able to bind and uptake the circulating glycosylated
oligonucleotides by receptor-mediated endocytosis (110), the knockdown
effect can be regarded as liver specific. After chronic treatment of ASO-
GPR110, the obese-induced NAFLD was alleviated in rAAV-GPR110 mice.
We thus hypothesized the downregulation of hepatic GPR110 expression
level in obese subjects may play a protective role to prevent the excessive

fat accumulation in the liver.
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5.2 GPR110 regulates the lipid metabolism by upregulating the

hepatic expression of SCD1

To decipher the underlying mechanism how GPR110 regulates the lipid
metabolism in the liver, we conducted RNA-sequencing analysis and found
that SCD1 had the highest correlation of GPR110. It is reported that SCD1
is an enzyme located in the endoplasmic reticulum and is responsible for the
catalysation in the formation of MUFAs by adding a double bond (111).
SCD1 had a crucial role in metabolism as it is found that the global knockout
mice of SCD1 are lean and protected against from both diet-induced and
genetic driven obesity (49, 50, 112). Moreover, liver-specific knockout of
SCD1 in high-carbohydrate diet induced adiposity mice indicated a reduced
level of hepatic lipogenesis and improved glucose tolerance (51). Therefore,
to prove that the change of metabolic phenotype changes in rAAV-GPR110
mice was due to the increase expression of SCD1 in the liver, we used liver
specific SCD1 inhibitor to repress its function. Concordantly,
pharmacologically inhibiting SCD1 was sufficient to rescue the key
metabolic disorders in GPR110 overexpression mice without changing its
hepatic expression. Thus, we draw the conclusion that GPR110 induces
SCD1 expression, resulting in the increase of de novo lipogenesis in liver as

well as exacerbating the obese-induced NAFLD.

Based on previous research obtained from SCD1 knockout mice, the
inhibition of SCD1 was proposed to be a novel strategy for metabolic

syndrome therapy (113). However, the expression level of SCD1 is tightly
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regulated and inhibition of SCD1 will cause a serious harmful consequences
such as proinflammatory and endoplasmic reticulum stress by the
accumulation of SCD1 substrates (114, 115). For this reason, optimal level
of SCD1 is required to maintain health. On the other hand, based on our
findings, either the dispensable of GPR110 in adult mice of GPR110
knockout mice or dramatical reduction GPR110 shown no harmful
phenotypes. Moreover, shown no harmful phenotypes. Moreover, recent
study also demonstrated that the deficiency of GPR110 will decelerate the
carcinogen-induced hepatocarcinogenesis in adult mice (95). Therefore,

targeting hepatic GPR110 is a potential safe treatment of NAFLD.
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5.3 Limitations of this study

Although in this research, we unmasked the relationship between GPR110
and SCD1, in the regulation of lipid metabolism in both human and diet-
induced obese animal models. However, different types of animal models
(ob/ob or db/db mice) need to be used to identify whether in these gene-
mutated obese mice also shown the similar results. Another limitation is
that although the ASO sequences we used in this study have higher affinity
to bind the hepatocytes in the liver, there may still have some off-target
effect which mean it may also knockdown the expression of other tissues

and consequently have the influence on the metabolism.
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5.4  Conclusion and future directions

To conclude, this study has uncovered a novel function of GPR110 in
regulating hepatic lipid metabolism and revealed its mechanism which is at
least in part achieved through the regulation of SCD1 expression levels (Fig.
5.1A). In chapter 3, | have first uncovered the expression pattern of GPR110
and explored its metabolic function in the liver by both gain-of-function and
loss-of-function studies. It is found that the severity of obesity and lipid
accumulation were increased in mice with rAAV-mediated overexpression
of GPR110. The relevant metabolic features and the metabolic functions
were improved after ASO-mediated knockdown of the hepatic expression
level of GPR110. In chapter 4, | have identified a downstream target of
GPR110 in the liver by RNA-sequencing. Both in vitro and in vivo
experiments consistently illustrated that GPR110 regulates the lipid
metabolism by regulating the expression levels of SCD1. Briefly, ADV was
employed to overexpress GPR110 in primary hepatocytes, followed by
treatment with either ASO or shSCD1. The SCD1 expression levels and the
intracellular lipids were measured. Moreover, a liver-specific SCD1
inhibitor was adopted to inhibit the function of SCD1 in GPR110-
overexpressing mice. In these mice, the metabolic disorders were attenuated,
a similar effect that could be achieved after treatment with ASO-GPR110.
Hence, my findings demonstrated that GPR110 may serve as a potential

therapeutic candidate for the treatment of NAFLD.
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One recent study has reported that N-docosahexaenoylethanolamine (DHEA,
also named as synaptamide) is one of the endogenous ligands of GPR110
(79). On the other hand, DHEA is also identified as a ligand which stimulates
the endocannabinoid receptor CB1R in liver, promoting the synthesis of
lipids by inducing SCD1 expression (116, 117). In contrast to the repressed
expression levels of GPR110 in the liver in obese subjects, the expression of
hepatic cannabinoid is highly upregulated in obesity (117). Therefore, it is
interesting to explore whether GPR110 can regulate the DHEA-induced

SCD1 expression by cooperating with CB1R.

In addition, as mentioned above, other studies on GPR110 have mainly
focused on its role in cancer by identifying it as an oncogene (75, 95, 118-
123). Coincidently, people with high expression levels of SCD1 are also
genetically susceptible to hepatocarcinogenesis (124). Based on the
corelation we reported in this study, it is highly possible that GPR110
accelerates carcinogenesis by inducing SCD1 expression. In response to this
hypothesis, further experiments are warranted to check the SCD1 expression

levels in GPR110-induced cancers.

In summary, in this thesis work, | provide the first evidence to demonstrate
that the physiological function of GPR110 is for modulation of hepatic lipid
metabolism via SCD1 expression. Down-regulation of GPR110 expression
in obese subjects acts as a protective mechanism for preventing over-
accumulation of lipid in the liver. As a result, blocking GPR110 is an

effective therapeutic approach for the treatment of NAFLD.
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Figure 5.1. GPR110 regulates the lipid metabolism in liver by
upregulating the expression of SCD1. The expression level of GPR110 is
tightly correlated to the nutritional status of the subjects and the level will
decrease in obese subjects. Overexpression of hepatic GPR110 will lead to
lipid accumulation in the liver via up-regulating the SCD1 expression, leading

to NAFLD.
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