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Abstract

Background and aims: Liver disease is the 5™ common cause of deaths in Australia, with a
financial burden account for $5.4 billion annually. Liver fibrosis is ultimate outcome of
virtually all untreated liver-related diseases that can progress to cirrhosis, cancer and liver
failure. Our epigenome-wide-association study suggested increased methylation at the
RARRES-1 locus in metabolic dysfunction associated fatty liver disease (MAFLD) patients
with advanced fibrosis. Hypermethylation of RARRES-1 causes transcriptional silencing in

various cancers. The functional status of RARRES-1 in liver fibrosis is unknown.

Methods: The changes of RARRES-1 expression in liver fibrosis were investigated.
Expression of RARRES-1 was restored by genome editing and pharmacological activation.
The impact of RARRES1 on hepatic stellate cells activation and fibrosis was investigated at
MRNA and protein levels using RTgPCR and immunofluorescence for the expression of
fibrotic markers. Structural changes in mitochondria and autophagosomes with RARRES-1
activation were visualized using electron microscopy. Impact of ROS and autophagy

modulation was evaluated on antifibrotic effect of RARRES-1 using immunofluorescence.

Results: The mRNA expression of RARRES-1 by RTgPCR was found to be downregulated
in human in-vitro culture model (p <0.01), multiple mouse fibrotic models ((bile duct ligation
(BDL), carbon tetra chloride model (CCL4) & methionine and choline deficient diet (MCD)
p <0.05, for all) and in two cohorts of patients with hepatitis C virus (HCV) (p <0.01) and
MAFLD (p <0.0001). Genetic and pharmacological activation of RARRES-1 significantly
reduced the mRNA expression of fibrotic markers, namely alpha-smooth muscle actin (alpha
SMA), alpha-1-type | collagen (COL1A1l), connective tissue growth factor (CTGF) &
transforming growth factor-p (TGF-B) (p <0.05, for all). Mechanistically 1 found that

RARRES-1 reduces energy release during myofibroblast activation via regulating autophagy



initiation, mitochondrial function and preserving lipid droplets. Notably, both ROS and

autophagy inhibitors had synergistic anti-fibrotic effect with RARRES-1 activation (p <0.05).

Discussion and conclusion: The data presented in this thesis indicates that the silencing of
RARRES-1 is involved in liver fibrosis. Activation of RARRES-1 has the potential to reverse
liver fibrosis by regulating ROS generation, autophagy, and lipid preservation. The next step
is to develop a CRISPR Cas9 epigenome editing tool to investigate if these findings can be
translated to treat fibrosis in vivo. In conclusion, my findings highlight that regulating

RARRES-1 may offer therapeutic benefits for treating liver fibrosis.
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Chapter One: Literature review



1. Liver Fibrosis

1.1 Burden of liver disease

Liver fibrosis is the outcome of virtually all liver diseases [1]. It involves the accumulation of
fibrillary extracellular matrix (ECM) in and around the liver tissue, causing damage to liver

tissues that leads to scarring, cirrhosis, and eventually liver failure [2].

Liver disease is responsible for 2 million deaths annually and accounts for 1 of 25 deaths
worldwide [3]. Liver cirrhosis is the primary cause of death due to liver disease. In 2019,
liver cirrhosis contributed to 1.5 million deaths in patients with liver disease [4], with Central
Asia having the highest liver cirrhosis-related age-standardized death rate (ASIR) of 59.06
and Central Latin America having the 2" highest ASIR of approximately 40.76 per 100,000

population [4].

In Australia, almost 6 million people suffer from chronic liver disease (CLD), which accounts
for 7000 deaths annually. Liver disease is considered the 5™ most common cause of death in
Australia, with a financial burden of almost $5.4 billion [5]. The prevalence of CLD is
estimated to increase to 8 million by 2030 [5, 6]. In 2015, liver disease was responsible for
2.05% of deaths in Australia and 1.33% in New Zealand [7]. In 2021, liver cancer was the 7"

most common cause of death in Australia, accounting for 2290 deaths [8].

Unfortunately, despite this soaring health and economic burden, few drugs are available for
liver fibrosis, and liver transplantation remains the main option for treatment. Therefore, the

development of antifibrotic drugs is urgently needed.



1.2 Causes of liver fibrosis

Liver fibrosis is the consequence of all liver-related diseases, including metabolic
dysfunction-associated fatty liver disease (MAFLD), viral hepatitis B and C, alcohol-related
liver diseases and other less common liver diseases, including autoimmune liver disease and
hereditary diseases such as haemochromatosis, alphal-antitrypsin deficiency and Wilson’s
disease [9]. Cholestatic (biliary excretory system-related) and hepatotoxic (hepatocyte-

related) injuries are the two main categories leading to liver fibrosis.

MAFLD (previously called non-alcoholic fatty liver disease (NAFLD)) is currently the most
common chronic liver disease, that affects nearly one-third of Australians and 20-30% of
people globally [10]. This growing burden parallels the global increases in obesity, diabetes
and lack of metabolic health. MAFLD is diagnosed based on the presence of hepatic steatosis
and one of the following criteria: obesity/overweight, type Il diabetes mellitus or metabolic

dysregulation [11].

Metabolic dysfunction-associated steatohepatitis (MASH) is a severe form of the disease that
is characterized by hepatic steatosis and inflammation. After developing steatohepatitis,
almost 20-50% of patients will develop cirrhosis within 10 years [12-14]. The outcomes of
MAFLD extend beyond the liver to multiple extrahepatic diseases, including diabetes,

cardiovascular disease, and cancer [15].

MAFLD can be best explained as a multifactorial condition shaped by the combined and
dynamic interactions of various environmental factors and genetic susceptibility, with a
pivotal role for epigenetic modifiers in mediating this interaction. Understanding the genetic
and epigenetic factors associated with disease pathogenesis is important for informing the

process of developing novel therapeutic strategies [16].



1.3 Diagnosis of liver fibrosis

1.3.1 Liver biopsy and histological assessment

Liver biopsy is considered the "gold standard” method for assessing the severity of liver
injury [17]. It is typically recommended when more information is needed to diagnose,
predict the outcome, and plan treatment for chronic liver diseases. Liver biopsy provides
information about the degree of necroinflammation, steatosis, histological staging,
morphometry (distribution of liver fibrosis), cirrhosis, classification of tumours, and

investigations of adverse drug reactions [18].

Different scoring systems are used to evaluate liver fibrosis histologically. These include the
METAVIR, Knodell, and Ishak scores for viral hepatitis, as well as the SAF (steatosis,
activity, and fibrosis) score, fatty liver inhibition score, and NAFLD activity score for

assessing MAFLD [19-21].

Stages of liver fibrosis can be defined based on the microscopic changes in the structure of
liver tissues and the hepatic venous pressure gradient (HVPG). Fibrosis is classified into 5
stages from FO to F4 as follows: FO (no fibrosis), F1 (portal fibrosis), F2 (periportal fibrosis),

F3 (bridging fibrosis) and F4 (cirrhosis).

However, several disadvantages are associated with liver biopsy. It is invasive, painful, and
time-consuming. Additionally, sampling errors and inter/intra observer agreement have led to

incorrect diagnoses in 20% of cases [22-24].

1.3.2 Non-invasive biomarkers

Interest in the use of non-invasive biomarkers and scoring systems to stage liver fibrosis is
increasing. Serum biomarkers can be classified into three categories: direct biomarkers

(which directly measure ECM turnover), indirect biomarkers (which measure markers in the



blood released due to hepatic dysfunction), and combinatorial biomarkers (where direct and
indirect markers are combined to produce composite scores) [25, 26]. The various

combinatorial biomarkers used are listed in Table 1.1 [27].

Additionally, the progression of liver fibrosis is usually evaluated in the clinic with imaging
techniques. The different imaging techniques used are magnetic resonance imaging (MRI),

ultrasound (US), US elastography (USE), and computed tomography (CT).



Table 1.1: A list of some of the most used blood biomarkers and scoring system for non-

invasive assessment of liver fibrosis.

Score Components Liver conditions

HepaScore [28] Age, gender, a,;M, total Predicting stages of liver fibrosis in
bilirubin, HA hepatitis C patients [29]

Fibroindex [30] AST, platelet count & y- Predicting significant fibrosis in
globulin chronic hepatitis C patients [30]

Forns index [28] Age, platelet count, GGT and | Rule out patients without significant
cholesterol hepatic fibrosis in HCV patients [31]

APRI [28] AST to platelet ratio HCYV related fibrosis and cirrhosis [32]

Euorpean liver Collagen IV & VI, PIHINP, Diagnose advanced fibrosis in

fibrosis test [33] HA, tenascin, laminin, MAFLD patients [34]

MMP2, MMP9 & TIMP 1

ADAPT algorithm | Age, platelet count, PRO-C3 | Used to diagnose patients with

[35] & diabetes MAFLD and advanced fibrosis [36]
FIBROSpect Il a;M, HA, TIMP-1 Used to differentiate chronic HCV
[37] patients with/without fibrosis [38]
Fibrosis score 4 Age, Platelet, AST & ALT Identify HCV/HIV co-infection
(FIB-4) [28] related fibrosis [39]
NAFLD fibrosis Age, Platelets, albumin, Identify advanced fibrosis in patients
score (NFS) [35] | BMI, AST, ALT & AGF/ with MAFLD [40]

diabetes
AAR [22] AST/ALT ratio Predictor of cirrhosis in various liver

diseases [41]

ELF test [42] TIMP-1, HA & PITIINP Predict advanced liver fibrosis for

chronic liver disease [43]

Gamma-glutamyl transferase (GGT), Aspartate aminotransferase (AST), Alanine
aminotransferase (ALT), Matrix metalloproteinase (MMP), Insulin-like growth factor (IGF)
and tissue inhibitor of metalloproteinase (TIMP). a-2-macroglobulin (a;M), hyaluronic acid

(HA), pro-collagen 111 N-terminal pro-peptide (PIHINP).




1.4 Pathogenesis of liver fibrosis

Liver fibrosis is a complex process that involves various cellular and extracellular signalling
[44]. Regardless of the aetiology, the development of liver fibrosis involves different
molecular mechanisms, including the activation of hepatic stellate cells (HSCs), disruption of
the endothelial and epithelial barriers, release of cytokines, chronic inflammation, and

hepatocyte death. These mechanisms work in concert, leading to liver fibrosis.

After liver injury, hepatocytes undergo inflammation and generate apoptotic bodies, which
lead to the activation of HSCs. In addition, macrophages and other inflammatory cells, such
as T cells, natural killer cells and Kupffer cells, are also activated. These inflammatory cells

release various cytokines and chemokines that further activate HSCs.

Additionally, the injury disrupts the normal microenvironment of cells, contributing to HSCs
activation. Once activated, HSCs release various vasoactive peptides, growth factors and
cytokines that further aggravate fibrosis. This process results in the accumulation of ECM
proteins, such as collagen types I and 111, leading to the development of fibrous scar tissues in
the liver and ultimately affecting normal liver function [44, 45]. A simplified scheme of
events occurring during liver fibrosis is depicted in Figure 1.1. If the liver injury is resolved,
fibrosis can be reversed. This resolution is achieved by either the apoptosis of activated HSCs

or their reprogramming to the deactivated state, along with regeneration of hepatocytes [46].



Injured ‘

Normal Liver
s el  Hepatocytes

i —>'—>—>

' Hses

)

aal

| |
~

Cirrhotic Liver ‘

~ Activated
HSCs

Created in BioRender.com bio

Figure 1.1: Pathogenesis of liver fibrosis. A cascade of events involved in the pathogenesis
of liver fibrosis. After liver injury, hepatocytes undergo inflammation. Inflammation activates
HSCs and inflammatory cells (T cells, Kupffer cells & NK cells). These inflammatory cells
release various factors that further activate HSCs. Additionally, HSCs after activation
produce various vasoactive peptides, growth factors and cytokines that further perpetuate

fibrosis.



1.5 Cell types implicated in liver fibrosis

Different types of cells integrate and coordinate to produce liver fibrosis. The main types of

cells involved in the pathogenesis of liver fibrosis are described below.

1.5.1 Hepatic stellate cells

HSCs are the primary cells involved in hepatic fibrosis. Normally, HSCs are quiescent cells
located in the space of Disse (the space between the liver epithelium and sinusoidal
endothelium), where they act as liver pericytes that support vitamin A storage and various

liver functions [6, 47].

However, continuous liver injury causes HSCs to transform into myofibroblasts. These
activated myofibroblasts express genes related to fibrosis, lose lipid droplets and secrete
extracellular matrix (ECM). They also release growth factors and chemokines that contribute

to the proliferation and migration of HSCs [48-50].

HSCs activation involves two main steps: initiation and perpetuation. Initiation is the early
phase in which cells become responsive to extracellular signals, mainly due to paracrine
stimulation from neighbouring cells [51]. This phase involves the production of growth
factors, the formation of a contractile phenotype, and changes in growth factor signalling.
After initiation, HSCs enter the perpetuation phase, in which they respond to different
cytokines and growth factors. This phase amplifies the activated phenotype of HSCs and
leads to scar formation through increased cell proliferation, contractility, fibrogenesis, matrix

degradation, chemotaxis, and inflammatory signalling [52-56].

Under conditions of chronic liver injury, several processes, such as cell contractility,
proliferation, the secretion of pro-inflammatory signalling molecules, alter matrix
degradation and the production of the ECM to maintain the activated phenotype of HSCs

(Figure 1.2)[57].



If the injury is resolved, HSCs can be reversed to the resolution phase. During this phase,

activated HSCs can either revert to a quiescent state or be eliminated through apoptosis [52].
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Figure 1.2: Activation of hepatic stellate cells [50]. 1) Initiation phase activates quiescent
HSCs to activated HSC. 2) Perpetuation phase maintains activated HSCs under proliferation,
contractility, Fibrogenesis, altered matrix degradation and chemotaxis and inflammatory
signaling. If resolution happens, activated HSCs are cleared by apoptosis or get reversed to

inactivated HSCs phenotype.
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1.5.2 Hepatocytes

Hepatocytes, which comprise approximately 80% of the liver mass, are epithelial cells. They
perform vital functions, including the synthesis of proteins, carbohydrate/lipid metabolism,
biotransformation/detoxification of foreign compounds and bile synthesis [58]. Injured
hepatocytes contribute to the development of liver fibrosis by acquiring myofibroblastic
features through the epithelial-mesenchymal transition (EMT) [59]. During the EMT, cells
lose their epithelial characteristics, cell-cell adhesion features, and apical-basal polarity and

instead acquire mesenchymal characteristics such as ECM production [60].

Injured hepatocytes start producing fibrogenic mediators that promote inflammation and
fibrosis. These mediators lead to the necrosis and apoptosis of liver cells. As a result of
apoptosis, apoptotic bodies are released. HSCs engulf these apoptotic bodies and undergo
transdifferentiation into myofibroblasts, which further contributes to fibrosis [61]. In
addition, injured hepatocytes augment the release of inflammatory cytokines from
inflammatory cells, which further stimulates HSCs activation, leading to fibrosis [52]. The

morphology of normal and fibrotic liver tissues is shown in Figure 1.3.
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Figure 1.3: Hepatocyte structure in normal and fibrotic liver [62]. (A) In normal liver
hepatocytes are arranged in rows radiating towards the edge. The gaps between hepatocytes
are known as sinusoids, lined with HSCs, endothelial cells, Kupffer cells and non-fibrogenic
collagen (type IV collagen). Three vessels naming hepatic artery, biliary tree and hepatic
portal vein are supplied in sinusoids and are responsible for exchange of nutrients, signalling
molecules and blood gases. (B) In chronic liver injury, fibrogenic pathway is activated.
Fibrogenic type | collagen is deposited with in the sinusoids, which will increase vascular
resistance and portal hypertension. Compensatory mechanisms are activated e.g., formation

of esophageal varices and ascites.
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1.5.3 Liver sinusoidal endothelial cells (LSECs)

In the normal liver, liver sinusoidal endothelial cells (LSECs) possess normal fenestrations
and maintain HSCs in the quiescent phase (Figure 1.4). LSECs produce nitric oxide (NO)
through endothelial NO synthase (eNOS), which helps maintain the normal function of
LSECs and promotes the reversal of activated HSCs to a quiescent state [63]. However, in the
case of chronic liver injury, LSECs undergo capillarization, lose their fenestrations, and
decrease eNOS activity and NO production. This loss of function impedes the reversion of
HSCs to a quiescent state. Additionally, LSECs also secrete interleukins, PDGFf, tumour
necrosis factor a (TNF-a), VEGF, and TGF-B;, which are fibrogenic cytokines [44, 64] and

can recruit inflammatory cells to the site of injury and activate HSCs [64].

1.5.4 Other cell types and hepatic macrophages

During acute liver injury, inflammation can be beneficial for liver regeneration, and sustained
inflammation due to chronic liver injury is detrimental and plays a critical role in the
pathogenesis of liver fibrosis. Immune cells such as monocytes (bone marrow-derived),
neutrophils, Th-17 cells, and Kupffer cells (liver macrophages) amplify inflammation, which
in turn activate HSCs by secreting growth factors and cytokines, interferons, TNFa,
interleukin-1 and interleukin-6 [44, 65]. Kupffer cells are the primary source of transforming
growth factor-p (TGF-B), which is a key promoter of fibrogenesis [66]. Various mediators,
such as TNFa, interleukin-1, interleukin-6, CCL2, and PDGF, are released by liver
macrophages and contribute to HSCs activation and fibrosis. Neutrophils and activated
Kupffer cells release reactive oxygen species (ROS) that further activate HSCs during liver

injury.
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Figure 1.4: Cell types in liver fibrosis and release of fibrogenic factors [67]. After
chronic injury, hepatocytes, Kupffer cells and immune cells (Th 17 cells & IL-33) release
pro-fibrogenic factors which stimulates HSCs activation. Activated HSCs increase the

secretion of a-SMA, growth factors and ECM.
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1.6 Cell signalling in liver fibrosis

Liver fibrosis and HSCs activation are complicated processes involving several events that
are regulated at the transcriptional, translational, and post- transcriptional levels. Various
signalling pathways, including those involving connective tissue growth factor (CTGF),
inflammatory cytokines (leptin, IFN-y and reduced adiponectin levels), TGF-B, VEGF, and

PDGF, are implicated in this process (Figure 1.5) [67, 68].

In particular, TGF-B is the archetypal profibrotic cytokine and its expression is elevated in all
fibrotic diseases. The next section discusses this pathway in more detail, given its relevance

to my thesis.
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Figure 1.5: Schematic representation of liver damage and activation of various signaling
pathways contributing to fibrosis [69]. In response to liver injury, various signaling
pathways are activated namely: Transcription factor (NF-kB), interleukin-6 (IL-6) and
activator of transcription 3(Stat3), insulin like growth factors (IGFs), platelet growth factor
(PDGF), sonic hedgehog (SHH) and tumor growth factor beta (TGF-p). These pathways
ultimately develop liver fibrosis and hence hepatocellular carcinoma.
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1.7 TGF-p signalling in HSCs activation and liver fibrosis

The TGF-B family, which comprises 33 members, including TGF-p (1, 2, and 3), activins,
and bone morphogenetic proteins (BMPs), regulates various processes, such as homeostasis,
repair, the immune response, and ECM deposition in liver cells, by influencing
differentiation, proliferation, migration, and cell death [70-72]. The TGF-B signalling

pathway involves the SMAD and non-SMAD pathways (Figure 1.6).

Under normal physiological conditions, TGF-B1 regulates tissue remodelling, apoptosis, and
homeostasis. Macrophages, Kupffer cells, platelets, hepatocytes, HSCs, and endothelial cells
are sources of TGF-B in the liver [73, 74]. Following liver injury, TGF-B plays a central role
in the function and phenotype of fibroblasts by mediating different cellular subsets to

promote fibrosis.

Therefore, not surprisingly, TGF-f inhibition has been extensively investigated as an
antifibrotic strategy, with approaches including blocking circulating TGF-B1, antagonizing
TGF-B receptors, and blocking TGF-B activation at the cell surface. However, due to the
pleotropic function of TGF-B, the efficacy of these therapeutic approaches is hindered by
adverse effects, such as on-target cardiovascular toxic effects and the development of benign
tumours [66, 75-80]. Thus, novel therapeutic approaches for the selective targeting of the

fibrotic effect of TGF-p signalling are needed.

1.7.1 SMAD (small worm phenotype)-dependent signalling

TGF-B mediates its function by SMAD-dependent signalling pathway. After activation, TGF-
B binds to the transmembrane receptor type 1 TGF- receptor (TBRI), as shown in Figure
1.6. After binding, TGF-B phosphorylates SMAD2 and SMAD3 (crucial mediators)[81].

Afterwards, phosphorylated SMAD2/3 forms a complex with SMAD4 and accumulates in the
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nucleus. The SMAD protein activates several transcription factors that will lead to genes

transcription. This process ultimately increases collagen production [82].

1.7.2 Non-SMAD (Drosophila MAD or Mothers against decapentaplegic) dependent

signaling

TGF-B also activates MAPK (mitogen-activated protein kinase), which involves the
activation of ERK (extracellular signal regulated-kinase), P38, JNK (c-jun N-terminal
kinase), PISK/AKT, c-ab1l, JAK2/STAT3 and Rho-associated coiled-coil protein kinases, as

shown in Figure 1.6 [83].
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Figure 1.6: SMAD and non-SMAD-dependent TGF-B signaling [84]. After the liver
injury, TGF-p is released from the large latent complex. This release involves the interaction
of integrins with latent association protein (LAP). TGF-8 then binds to receptors TPRII. It
forms heterotetramer with TPRI and initiates signaling pathways by phosphorylating R-
SMADs i.e. S2 (SMAD2) and S3 (SMAD3). TGF-f also activates SMAD-independent
pathways, which includes MAPK, mTOR, P13K/AKT and Rho/GTPase pathways [83].
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1.8 Regression of liver fibrosis

Research using experimental models and data from human patients has suggested that liver
fibrosis can be reversed if the liver injury is resolved. Once the causative factor is eliminated,
myofibroblasts can undergo apoptosis or become inactive, leading to the regression of
fibrosis [49, 85]. After the depletion of fibrogenic signals, HSCs increase the expression of
TNF receptor 1 and Fas receptor, which are death-mediated genes. They also upregulate p>,
caspase 9 and Bax (pro-apoptotic proteins) and downregulate BCL, (anti-apoptotic factors).
In addition, interferon-y-activated natural killer cells eliminate HSCs, thus resolving liver
fibrosis. In addition to undergoing apoptosis, myofibroblasts can also revert to an inactive
phenotype during the regression phase of liver fibrosis. These inactivated HSCs are more

prone to fibrogenic injuries than are the original quiescent HSCs.

1.9 Energy metabolism and liver fibrosis

Energy metabolism (the process of generating energy from nutrients) is crucial for
maintaining balance within an organism's cells and ensuring proper functionality [86]. The
transformation of quiescent stellate cells into fibrous matrix-secreting cells is an energy-
dependent process. As a result, the overall energy demand of cells increases during liver
fibrosis. Disruptions in energy metabolism have been linked to the development of liver
fibrosis and can potentially be targeted for anti-fibrotic drug development [87]. Therefore,
instead of solely focusing on cell signalling, a novel strategy to reverse fibrosis could involve
targeting the energy demand of fibrotic cells, thus minimizing the impact on quiescent stellate

cells. This approach has not yet been fully explored.
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This energy is produced by oxidative phosphorylation (mitochondrial metabolism) and the
oxidation of fatty acids [88-91]. Altered mitochondrial activity has been observed in cirrhotic
patients and in activated HSCs [92, 93], and mitochondrial oxidation has been found to be
increased in patients with MAFLD [94]. In support of the concept of targeting energy
metabolism to treat liver fibrosis, the use of 3-bromopyruvate, an alkylating/anticancer agent,

has been shown to restrict liver fibrosis by inhibiting energy production in mice [95].

The other source of energy is autophagy. Mitochondria and autophagy are interconnected in
their regulation of each other; autophagy is responsible for degrading defective mitochondria,
while mitochondria regulate various aspects of autophagy, such as the production of
autophagosomes and the overall autophagic process [96, 97]. Autophagy is closely linked to
mitochondrial metabolism and serves as a source of fuel for energy production [85, 98].
Furthermore, mitochondria-generated ROS can stimulate autophagy, and autophagy in turn
regulates lipid droplet turnover in HSCs through a ROS-dependent pathway [98-100]. During
fibrosis, activated HSCs consume intracellular lipid droplets, which are also broken down by
autophagy to produce free fatty acids. These free fatty acids are then utilized by mitochondria

to produce ATP through the process of mitochondrial f-oxidation [101-103].

TGF-B is implicated in regulating HSCs energy metabolism [104]. TGF-B induces
autophagy, stimulates the loss of lipid droplets in HSCs, releases energy and increases energy
release to promote fibrosis [105, 106]. Additionally, TGF-P regulates energy metabolism by
directly controlling mitochondrial metabolism. It also leads to increased ROS generation,
which causes mitochondrial damage [107]. This increased energy release supports HSCs
activation and proliferation and hence liver fibrosis [108]. Therefore, therapeutic approaches

that can reduce energy release can be used to reverse liver fibrosis.
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1.10 Mitochondrial function and energy production

Mitochondria, often referred to as “the powerhouse of the cell,” play crucial roles in the
energy metabolism of cells. They are semi-autonomous organelles involved in ATP
synthesis, ROS generation, cell differentiation modulation, signal transduction maintenance,

and apoptosis [109, 110].

The inner membrane of the mitochondria contains enzymes that participate in the electron
transport chain, ATP production, and the maintenance of an electrochemical gradient. These
enzymes are responsible for oxidative phosphorylation [111, 112]. Mitochondria produce
energy from glucose and fatty acids through the tricarboxylic acid (TCA) cycle and electron
transport chain (ETC), respectively. These metabolic pathways (TCA cycle and ETC) release

the energy stored in food (glucose and fatty acids) in the form of high-energy electrons.

Nicotinamide adenine dinucleotide (NAD) and flavin adenine dinucleotide (FAD) capture
these electrons and form NADH and FADH,. NADH and FADH, transfer these electrons to
the ETC. The ETC is the primary site for ATP generation and consists of 5 complexes
(complexes | to V). As an electron moves across the complexes, a proton gradient is
established. The energy released from proton transfer is used to generate ATP from ADP
[113]. Approximately 2% of electrons are released from the ETC while travelling through
different complexes. These electrons combine with oxygen and generate superoxide radicals
(ROS). Dysfunction of the ETC may lead to the excessive generation of ROS, resulting in

cellular injury [114].

Mitochondrial homeostasis is maintained through processes such as mitochondrial fission,
mitochondrial fusion, mitophagy, and mitochondrial biogenesis. Mitochondrial fission and
fusion are important processes that regulate mitochondrial morphology, quantity, and

function (Figure 1.7).
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Mitochondrial fission separates damaged mitochondria from healthy mitochondria and is
regulated by dynamin-related protein 1 (Drpl) and mitochondrial fission protein 1 (FiS1).
Mitochondrial fusion combines neighbouring, depolarized mitochondria to form a healthy
mitochondrion [115] and is stimulated by the energy demand of the cells. Mitochondrial
fusion is regulated by mitofusin protein 1 (Mfnl), mitofusin protein 2 (Mfn2) and optic
atrophy 1 (Opal 1). Any changes in the expression of Drpl, Mfn1, Mfn2, and optic atrophy 1
will affect mitochondrial fission and fusion processes [116]. In response to liver injury,
changes in mitochondrial structure and function occur. Defective mitochondria stimulate
mitochondrial fission and fusion processes and hence disturb mitochondrial homeostasis
[117]. Under conditions of increased oxidative stress, mitochondrial fusion is increased,
which leads to increased HSCs activation. Hence, the inhibition of mitochondrial fusion can

alleviate liver fibrosis [118].

Mitochondrial biogenesis regulates mitochondrial turnover through the expression of
peroxisome proliferator-activated receptor-gamma coactivator (PGC-la), which is a

transcriptional coactivator [119].

Mitochondrial dysfunction may occur due to damage in the structure of mitochondria, defects
in the respiratory chain, biogenic dysfunction, a reduction in the number of mitochondria,

gene damage and may be due to changes in the activity of oxidative protein [120].
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ROS regulates myofibroblasts differentiation, epithelial cell apoptosis, and the expression of
pro-fibrogenic mediators (Pal-1), which suppresses the degradation of the ECM (Figure 1.8).
All these processes promote the accumulation of ECM and liver fibrosis [122]. An imbalance
between the production and removal of ROS creates an imbalance that results in increased

oxidative damage to mitochondrial lipids, proteins, and DNA.

Increased ROS production can also open the mitochondrial permeability transition pore
(mPTP) and can induce mitochondrial depolarization and swelling. It will reduce ETC
activity and the levels of apoptotic factors. Additionally, histones bound to mitochondrial
DNA are sensitive to oxidative stress caused by the increased generation of ROS. It causes

defects in the respiratory chain and biogenesis of mitochondria [123].
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Figure 1.8: Role of ROS in the development of fibrosis [122]. ROS mediates TGF-$
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Mitophagy is the process of removing damaged mitochondria (Figure 1.9). Alterations in the
expression of components of the PINKZ1/Parkin pathway (Ser/Thr kinase/ubiquitin-protein
ligase) will attenuate mitophagy and lead to the accumulation of damaged mitochondria

[124].

Different evidence suggests that inhibitors of mitochondrial functions can alleviate the energy
demand of cells and hence reverse liver fibrosis. Mitochondrial electron transfer involves
proton flux and is coupled with a redox proton pump. Mitochondrial complexes (CI, CllI and
CIV) mediate this coupling. Mitochondrial uncouplers can transfer energy (generated by
electron transfer) in the respiratory chain. Therefore, energy cannot be used for the
phosphorylation of ADP and hence is emitted as heat. Recently, mitochondrial uncouplers

have been shown to reduce ATP and ROS generation and hence inhibit HSC activation [125].
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Figure 1.9: Schematic representation for mitophagy and mitochondrial quality control
[126]. Mitophagy related protein (PINK1/PARK2) senses the defective mitochondria.
PINK1/PARK2 phosphorylates ubiquitin that link p62 to LC3 to engulf mitochondria.
Various mitophagy receptors (BNIP3L, FUNDC1, PHB2, cardiolipin and BNIP3recruit
autophagosomes by binding with Atg8s and LC3.These pathways ensure mitochondrial

quality control through elimination of damaged bacteria by lysosomes.
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1.11 Autophagy

Autophagy is a process in which liver cells recycle materials to provide energy and maintain
essential metabolites for growth and maintenance [127]. Autophagy stores glycogen during
starvation and breaks down lipid droplets [128]. Starvation activates autophagy, whereas
insulin, free fatty acids, obesity, and ageing inhibit it [129]. Impaired autophagy leads to
metabolic problems in the liver, causing lipid droplet accumulation and increased reactive
oxygen species (ROS) generation. It also promotes fibrosis by providing energy to activate

HSCs [130].

Autophagy is crucial for activating HSCs (Figure 1.10). Quiescent HSCs contain lipids in
the form of triglycerides and retinyl esters [101]. HSCs consume lipid droplets to become
activated into myofibroblasts during liver injury [131, 132]. Autophagy mobilizes lipid
droplets, releasing free fatty acids that are used for energy production by the mitochondria
through B-oxidation to meet the energy needs of activated HSCs during proliferation and

fibrosis [101, 133].
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Figure 1.10: Relationship between autophagy and liver fibrosis [134]. ECs:
Endotheliocytes; HCs: Hepatocytes; KCs: Kupffer cells. Autophagy plays dual role in liver

fibrosis. On one hand it promotes fibrosis by providing energy to active HSCs. On the other
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hand it ameliorates fibrosis by improving the function of other hepatic cells like ECs, HCs &

KCs.

The P62/SQSTML protein, a key substrate for autophagy, acts as a link between LC3 and
ubiquitinated substrates. It delivers ubiquitinated cargoes for degradation through autophagy,
is itself consumed during the process and is used as a marker to measure autophagy flux [135,
136]. Lipotoxic stimuli phosphorylate P62/SQSTML1 and promote its accumulation, leading

to defects in autophagy [137].

TGF-B1 can induce autophagy in HSCs and increase the expression of the autophagy-related
protein LC3I1/1 in HSCs, which could lead to the activation of HSCs and reduce apoptosis

[138-140].

In vivo studies in mice have shown that the specific deletion of Atg7 in HSCs reduces liver
fibrosis. Additionally, inhibition of HSCs in mice by bafilomycin Al, decreased the
activation and proliferation of HSCs through the attenuation of autophagy [141].
Chloroquine-mediated inhibition of autophagy improved CCL4-induced liver fibrosis by
reducing HSCs activation [142]. Therefore, inhibiting autophagy reduces HSC activation,
preserves lipid droplets [143, 144] and ameliorates fibrosis [145]. Hence, exploring the
reduction in autophagy to decrease the energy demand of the cells could be a potential

therapeutic target for curing liver fibrosis.

1.12 Epigenetic and liver fibrosis
In the study of disease pathogenesis, the epigenome provides a missing connection between
genes and the environment. The epigenome is highly adaptive to environmental cues such as

stress, diet and toxins. These cues can change the expression and function of genes in the

body (Figure 1.11).
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A recent study revealed that both genes and the environment equally contribute to the
heritability of complex human traits [146]. Another study of monozygotic twins indicated the
presence of identical genomes and epigenomes in early life, but their epigenomes underwent
significant changes later in life [147]. Recent evidence has shown that MAFLD is an
epigenome-driven disease [148]. A recent review indicated that various epigenetic processes
are involved in the development of MAFLD and that various epigenome editing tools can be
developed as promising methods to restore the healthy epigenetic landscape [149]. Epigenetic
modifications, especially DNA methylation, promote fibrosis and impact myofibroblast fate

and activation [150, 151].
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Figure 1.11: Epigenetics and gene environment interaction in MAFLD [152]. Various
genetics and epigenetics factors are involved in the development of MAFLD. Various
environmental factors such as ageing, smoking, alcohol, diet, exercise, intrauterine

environment with the genetics to develop MAFLD. Abbreviation: ncRNA (noncoding RNA).
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1.13 Antifibrotic drug development: Novel approaches

Currently, limited therapeutic options are available to cure liver fibrosis. Liver transplantation
is the main option for survival in patients with end-stage liver diseases. Hence, the
development of new therapeutic approaches to cure liver fibrosis is urgently needed. Recent
findings from non-liver systems revealed that the epigenome tightly regulates energy
metabolism. When energy metabolism is altered, it contributes to cancers. Conversely,
metabolites can alter the epigenome, and these changes can regulate the expression of
metabolic genes [153-156]. We surmise that restoring the homeostatic balance between the

epigenome and metabolism should lead to a first-in-class treatment strategy for fibrosis.

Epigenetics can be an avenue to identify novel therapeutic targets for liver diseases.
Epigenome-wide association studies (EWASs) could provide excellent insights into the
mechanistic pathways involved in liver fibrosis. Thus, the application of epigenome-based

tools may help identify new therapeutic targets to cure liver fibrosis.

1.14 Identification of RARRESL as a potential therapeutic target

Our group employed an EWAS and identified an association between RARRES-1 and liver
fibrosis (unpublished data). The basis of this association is that the RARRES-1 promoter is
consistently hypermethylated, which silences the expression of RARRES-1 during liver
fibrosis. Therefore, specific DNA demethylation of RARRES-1 can activate RARRES-1

expression and hence reverse liver fibrosis.

RARRES-1 is retinoic acid receptor responder element 1, also known as tazarotene-induced
gene 1, encoding the RARRES-1 protein and was initially identified in psoriatic skin cultures

[157].
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RARRES-1 is cytogenetically located on chromosome 3¢25.32 [158]. A sequence analysis
revealed that the RARRES-1 protein is composed of 228 amino acids. It is a transmembrane
protein with three regions, including an intracellular region with a small N-terminal region, a
hydrophobic region containing a single spanning membrane and an extracellular region with
the C-terminal region containing a glycosylation signal and a hyaluronic acid-building motif
[159]. The genomic location of RARRES-1 is shown in Figure 1.12, and the three-

dimensional structure of RARRES-1 is shown in Figure 1.13.
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Figure 1.12 : Genomic location for RARRES-1 gene [158]
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Figure 1.13: Three-dimensional structure for RARRES-1 gene [158]

30



RARRES-1 is expressed in various normal tissues, including the heart, liver, lungs, prostate
and small intestine. The expression of this gene is increased by tazarotene and retinoic acid

receptors. Retinoic acid is an active metabolite of vitamin A (retinol).

Enterocytes (cells in the intestinal lumen) absorb dietary retinyl esters and carotenoids. After
esterification, they are packed (lipoprotein complexes) into chylomicrons. These complexes
are released into the circulation and form chylomicron remnants. Liver and peripheral cells

readily absorb chylomicron remnants (Figure 1.14).

In the liver, most vitamin A is stored as retinyl esters in HSCs. This stored vitamin A can be
converted to retinol by hydrolysis. This retinol can be transported to target organs via the
formation of a complex with retinol binding protein 4 (RBP4) and transthyretin (TTR). In the
liver, retinol circulates between hepatocytes and HSCs [160]. Retinoic acid is involved in the
regulation of various physiological processes through retinoid X receptors (RXRs) and

retinoic acid receptors (RARS) [161].
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Figure 1.14: Overview of vitamin A, uptake, metabolism and transport [160]. Retinyl
esters are absorbed by intestine lumen and are packed into chylomicron after esterification.
Later these chylomicrons are converted into chylomicron remnants. These chylomicrons are

absorbed by liver and other peripheral tissues for processing.

Retinol, its precursors and metabolites are important for normal cell growth [162], vision
[163] and prevent developmental defects [164]. A decrease in RARRES-1 expression has
been observed in several types of cancers, including prostate, nasopharyngeal, breast, colon
and leukaemia [174]. RARRES-1 is among the most methylated loci in various cancers [180]
and is recognized as a tumour suppressor gene [181, 182]. Restoring the expression of
RARRES-1 has been linked to hypomethylation of the gene, indicating the potential role of

hypermethylation of RARRES-1 in cancer development [174].
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In prostate cancer, RARRES-1 induces autophagy, reduces the level of rapamycin, and
increases the level of sirtuin 1, which regulates the energy balance [183]. Additionally,
RARRES-1 has been implicated in autophagy in cervical cancer and is noted as one of the
most methylated genes [184, 185]. The specific role of RARRES-1 in liver fibrosis remains

unclear and is an area | aim to explore in my project.

1.15 Hypothesis

During liver injury, the levels of TGF-p increase, leading to RARRES-1 silencing in stellate
cells. This process initiates a cascade of events, including mitochondrial dysfunction, the
generation of reactive oxygen species (ROS), autophagy and energy release. All these

processes activate HSCs and increase matrix deposition that leads to fibrosis.

In this study, I investigated the effect of RARRES-1 activation as a treatment option for liver
fibrosis. While investigating this phenomenon in detail, | hypothesized that restoring
RARRES-1 expression would reverse liver fibrosis through the downregulation of energy

release.

1.16 Aims

| test my hypothesis through four aims.

Aim 1: To explore whether RARRES-1 attenuates liver fibrosis in activated hepatic stellate

cells.

Aim 2: To explore whether RARRES-1 regulates fibrosis by regulating mitochondrial

function.
Aim 3: To explore whether RARRES-1 regulates fibrosis by regulating ROS generation.

Aim 4: To explore whether RARRES-1 regulates fibrosis by regulating autophagy.
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Chapter Two: Material and Methods
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2.2 Materials
The materials used in this thesis were obtained from the sources listed in Tables (2.1-2.6).

Table 2.1: The origins of the commercial kits used in this investigation

REAGENTS orRESOURCE Source/ Identifier

QIAGEN Plasmid Maxi Kit QIAGEN (12163)

FavorPrep Tissue Total RNA Purification Mini Kit Favorgen Biotech Corp

(FATRKO001-2)
DCFDA Cellular ROS Detection Assay Kit Abcam (ab113851)
TMRE-Mitochondrial membrane potential kit Abcam (ab113852)

Premo Autophagy Tandem Sensor RFP-GFP-LC3B | Thermofisher (P36239)

MitoSOX™ Mitochondrial Superoxide Indicators Thermofisher (M36008)
MitoTEMPO Sigma-Aldrich SML0737
QuantiNova™ SYBR Green PCR Kit QIAGEN (208152)

Table 2.2: The source of the primers and probes used in this thesis

Primers and Probes Source / Identifier

GAPDH (VIC) Thermofisher scientific (4448489)
RARRESI] (FAM ) Thermofisher scientific (4331182)
Human CTGF(R) IDT (817704)

Human CTGF (F) IDT (817703)

Hu COL1A1 (R) IDT (103321564)

Hu COL1A1 (F) IDT (103321563)




Human Alpha-SMA (R)

IDT (103285469)

Human Alpha-SMA (F)

IDT (103285468)

Human GAPDH (R)

IDT (103285473)

Human GAPDH (F)

IDT (103285472)

Hu-RARRESI (R)

IDT (99633348)

Hu-RARRES-1 (F)

IDT (99633347)

Table 2.3: Primers sequences

Primers

Sequence

Human CTGF(R)

5-GCTCGGTATGTCTTCATGCTG

Human CTGF (F)

Ln

~AGCTGACCTGGAAGAGAACAT

Hu COL1A1 (R)

5-TCATCTCCATTCTTTCCAGG-3

Hu COL1AL1 (F)

5 -GCTATGATGAGAAATCAACCG-3

Human Alpha-SMA (R)

5-ATGCCATG TCTATCGGGTACTT-3

Human Alpha-SMA (F)

5 -GACAATGGCTCTGGGCTCTGTAA-3

Human GAPDH (R)

5-GGCCATCCACAGTCTTCTGAG-3

Human GAPDH (F)

5-CCTGCACCACCAACTGCTTA-3

Hu-RARRESI (R)

5-CTTCTTCTGCTGTCTGTA-5

Hu-RARRES-1 (F)

Lh

-CATTCACTTGGTCTGGTA-3
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Table 2.4: The source of the reagents used in this thesis

REAGENTS or RESOURCE Quantity | Source / Identifier
Bafilomycin A1l from streptomyces 2uG Sigma (B1793)

mTGF-B1 suG R & D systems (B1793)
thTGF-B1 5uG R & D Systems (7754-BH)
MAPILC3A Plasmid 10uG Origene (RC220473)
ATG-12 Plasmid 10uG Origene (RC202012)
Carbonyl cyanide 3-chlorophenyl | 100mg | Merck (C2759)

hydrazone

MRT68921 dihydrochloride SMG Sigma Aldrich (SML 1644-5MG)
Chloroquine diphosphate salt 25G Sigma Aldrich (C6628)
sIRNA human NOX4 200G Sigma Aldrich (EHU064361)
L-Glutathione reduced 5g Sigma Aldrich (G6013)
Prolong™ Glod antifade reagent with | 10mL Thermofisher (P36931)
DAPI

Hoechst SmL Thermoscientific| (33342)
Triton X-100 500mL | Sigma (9002-93-1)

Retinoic acid Smg Sigma (H7779)

Tween® 20 s00mL | Sigma (P1379)

RARRES] Plasmid 10pug Origene (RC205143)
pCMV6-Entry Vector 10ug Origene (PS100001)
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Table 2.5: The source of the antibodies/stains used in this thesis

REAGENTS or RESOURCE Quantity | Source / Identifier
Anti-mRARRES]1 100 pg R & D systems (AF4657)
Anti-hRARRES]1 100 pg R & D systems (AF4255)
Tomm20 100 wl abcam (Ab186735)
Lysotracker red DND-99 20X 50 pl | Thermofisher (L7528)
Bodipy 10 mg Invitrogen (D3922

Goat anti-Rabbit IgG (H+L) cross-adsorbed | 1 mg Thermofisher scientific
Secondary antibody. Alexafluor 546 (A-11010)

Mitofusion (MFN1) 0.1 mL Thermofisher (MAS24789)
ATP- Synthase beta Polyclonal 100 ul Thermofisher (PAS81952)
Anti-Collagen I 100 ul abcam (ab34710)
Anti-Alpha-Smooth Muscle Actin 100 ul Invitrogen (MAS5-11547)
Anti-LC3B 100 ul abcam (ab192890)
Anti-APGSL/ATGS 100ul abcam (ab108327)
Anti-ATG-12 100 pl abcam (ab155589)
Anti-Beclin 1 100 ul abcam (Ab62557)
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Table 2.6: Software

LINK

ImageJ

BD https://imagej.nih.gov/ij/

GraphPad Prism 7

http:www.graphpad.com/scientificsofiware/prism/

StepOne Software v2.3

Applied Biosystems
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2.2 Methods:
2.2.1 Cell Culture & Experimental Plan
The human hepatic stellate (HSC) immortalised cell line, LX-2 were kindly provided by Dr

Scott L. Friedman, Icahn School of Medicine, Mount Sinai, New York, USA. The mouse

hepatic stellate cells (HSC) immortalised cell line, JS-1 were supplied by Kerafast Inc.

According to the previously described protocol [165], cell cultures were maintained in
incubator where temperature was maintained at 37°C and CO, concentration was maintained
at 5%. Cells were maintained by changing media every 2 days. When cells were 80-90%
confluent, splitting was done in 1:2-1:3 ratio. Dulbecco’s Modified Eagle Medium (DMEM)
with 10% heat inactivated fetal bovine serum (10% FBS DMEM) was used to grow the cells.
For passaging cells, washing with PBS was done twice and then 1.5mL of TrypLE was added
and cells were incubated in the incubator. After trypsinisation HSCs were resuspended in
media (4 mL). 3 X 10° HSCs were seeded in 12 well plate in 1000pL of growth media (10%
FBS DMEM). Starvation was done with FBS free DMEM medium for 14-18 hours. The
following experiments were undertaken.

2.2.1.1 RARRES-1 activation
Expression of RARRES-1 was increased using genetic and pharmacological activation.

2.2.1.2 Pharmacological activation of RARRES-1

Pharmacological expression of RARRES-1 was done by treating HSCs with all trans-retinoic

acid at treatment dose of 1 uM/ml.
2.2.1.3 Genetic activation of RASSES-1

Genetic activation of RARRES-1 was done by transfecting HSCs cells with RARRES-1
plasmid, FUGENE and optimum, as detailed below (Figure 2.1). Transfection was done

according to the previously described protocol [165]. Briefly, cells were transfected with
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either RARRES1 plasmid or empty vector using FUGENE HD (Promega) for 24 hours

(Figure 2.2).
e Seeding & Starvation RARRES-1 TGF-p Cells
0000 00 (14-18 Hrs) Transfection Treatment Harvesting

HSCs

(80% confluent) Day 01 Day 02 Day 03 Day 04

Figure 2.1: Genetic activation of RARRES-1 with RARRES-1 transfection in HSCs

2.2.1.4 Treatment with TGF-p

After 24 hours of transfection step or the pharmacological activation of RARRES-1, media
was changed and TGF-B or vehicle was added at the treatment dose of 5 ng/ml. Harvesting
was done after 24 hours of TGF-B treatment (Figure 2.2). HSCs were harvested for further

experiment [166].

2.2.2 mRNA Expression

2.2.2.1 RNA Extraction

The extraction of RNA was performed according to previously described method [165, 167,
168]. To extract RNA, sterile PBS was used to wash (2X) HSCs. FARB Buffer (350ul) plus
B-Mercaptoethanol (3.5ul) was added to HSCs and incubation was done at RT (5 min). HSCs
were separated from the well using cell scraper. Cells were vortexed vigorously for 1 min for
resuspension. Filter column was placed on collection tube. The mixture was transferred to it
(filter column + collection tube). Centrifugation was done at 16,000 Xg for 2 min.
Supernatant was transferred to another microcentrifuge tube. 70% ethanol (350ul) was added

to the tube (Filter column + collection tube). The mixture was then transferred to FARB mini
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column. Centrifugation (@14,000 rpm) was done for 1 min. The pass-through liquid was

discarded. Then final washing was done.

First wash was done with wash buffer 1 (500 ul), followed by centrifugation was done @
16,000 Xg (1 min). Liquid (pass-through) was discarded. Another washing was done with
buffer 2 (750 ul). Then centrifugation (@16,000 Xg) was done for 1 min. Another
centrifugation (3 min) was done to dry the FARB mini column. The columns were transferred
to the new collection tubes for elution step. For elution of RNA, RNase free water (50 ul)
was added to the centre of mini column. Incubation (1 min) and then centrifugation (@14,000
rpm) was done for 1 min. RNA concentration was determined by using NanoDrop
(spectrophotometer) that measures optical density at 260nm and 280nm. The purity of the

samples was confirmed along with RNA measurement.

2.2.2.2 cDNA synthesis
The synthesis of cDNA was done according to the previously described protocol [167]. RNA

extracted in the previous experiment was utilized to synthesize cDNA using enzyme M-MLV
reverse transcriptase kit by Promega. RNA yield was high >200 ng/ul, RNA concentration

was normalized in all samples to > 50 ng/ul with 20 ul final volume.

About 0.5 pl of dNTPs, 0.5 pl random primers and 6.5 ul of RNA sample were added to the
500 ul of microcentrifuge tube. RNA Samples were melted by incubating on thermocycler at
70°C (5 min). Samples were then cooled directly on ice. Reaction premix was prepared by
adding 2.0 ul 5X buffer and 0.5 ul RT enzyme. Then 2.5 ul reaction premix was added to
priming premix. Further incubation was done at 25°C and then at 37°C (for 10 min and 1 hr
respectively). cDNA samples were chilled on ice and diluted by 1:10 in Accu H,O. The

storage of cDNA was done at -20°C.
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2.2.2.3 Real-Time Quantitative PCR (RTgPCR)

The Real time quantitative PCR was performed according to the previously described
protocol [167, 169]. Experiments were done in three replicates. CT values were used to
measure the expression of mMRNA. Samples were normalized to GAPDH by calculating ACT
= CT for GAPDH — CT for Sample cDNA and then expressed as 22", RTqPCR was done
using QIAGEN PCR Kkit. Master mix was prepared for all wells by adding Syber Green (10
pl), 2 ul of ROX, forward (0.3 pl) and reverse (0.3 pl) primes and H,O (4.4 pl). Master mix
(17 ul) + cDNA (3 ul) was added to PCR plate. Melting temperature was set at 95°C (10

min) for all primers and reactions were run for 40 cycles.

2.2.3 Western Blot Analysis
2.2.3.1 Extraction of protein Lysates

The extraction of protein was undertaken according to the previously described protocol
[165]. For extraction of protein lysates, HSCs were washed with 2 times with ice-cold PBS.
Next, cells were treated with RIPA buffer (100 ul). Further incubation of cells was done on
ice (15 min). Cell scrapper was used to remove and collect the lysate on one side of the plate.
Using 200 pl pipette, the lysate was moved to a microcentrifuge tube. The lysate was
centrifuged @ 13000rpm at 4°C for 10 min. The supernatant was moved to another tube. The
concentration of proteins was determined using Bio-Rad, DC protein Assay Kit. Bovine

serum albumin (BSA) was used as a standard. The storage of protein was done at -80°C.

2.2.3.2 Western Blot
The protocol was previously prescribed [169]. Proteins were fractionated by SDS-PAGE.

Proteins were transferred to a membrane called polyvinylidene difluoride membrane (PVDF
membranes). After that, PVDF membranes were blocked with the blocking agent ((5% skim
milk in TBST (150mM NaCl, 50 mM Tris, 0.05% Tween 20, pH 7.4)) for 1 hour at RT.

PVDF membranes were washed 2X with TBST. Then incubation of PVDF membrane was
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done with the primary antibodies overnight at 4°C. Antibodies were diluted in 5% skim milk
in TBST. After incubation, PVDF membrane was washed three times for (10 min each wash)
with TBST. Following washing step, PVDF membrane was incubated in the dark with
secondary antibodies for 1 hour at RT. Further TBST washing of blots was done 3X. Finally,
blots were developed with SuperSignal West Pico PLUS Chemiluminescent and SuperSignal
West Femto Maximum Sensitivity Substrates (Life Technologies, Australia). ChemiDoc

touch imaging system by Bio-Rad, Herculs, CA was used to scan the membranes.

2.24 ELISA

p62 protein levels were measured by using Enzyme-Linked-Immunosorbent Assay, as
described by manufacturer (Abcam).

2.2.5 Immunofluorescence Assay

The protocol was previously described in [169]. After the fixation and permeabilization of
cells, as a blocking step, cells were incubated in Cas-Block for 1h at RT. Then, the primary
antibody was incubated to the cells. Cells were then incubated with the secondary antibody.
Examination of coverslips was undertaken using the florescence microscope (with 20X, 40 X

and 60 X objectives).

2.2.6 Cellular reactive oxygen species (ROS) assay

The protocol was previously prescribed in [169]. Cellular ROS Assay kit (Abcam, ab113851)
using Redox sensitive dye DCFDA/H2DFDA was used to measure intracellular ROS.
Fluorescence intensities were measured using Deltavision microscope. Fluorescence was

quantified using Image J software.
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2.2.7 TMRE Mitochondrial membrane potential

Live cell imaging was performed according to previously prescribed protocol (Abcam,
113852). HSCs were transfected of with RARRES-1 plasmid and EV for 24 Hrs. TGF-p was
further administered to HSCs (24 hours). Effect of mitochondrial membrane potential
inhibitor was also observed by treating cells with Carbonyl cyanide3-chlorophenyl hydrazone
(CCCP) by adding 2 hours before TGF-p. Last day, LX-2 cells were treated with TMRE stain
for about 30 min. Nucleus was stained using Hoechst dye and were observed under
Deltavision microscope. Fluorescence intensities were measured by live cell imaging using

confocal and Deltavison microscope.

2.2.8 Autophagic flux

Effect of RARRES-1 plasmid was evaluated by the following method prescribed by the
manufacturer (Thermofisher (P36239)). HSCs were seeded in 4 chambered slides in 10 %
FBS+DMEM media. Next day, Transduction was done by adding 25 ul of BecMam to each
well. On Day3, Transfection with RARRES-1 plasmid and EV for 24 hours in serum free
media to do starvation. On Day 4, profibrotic drug TGF-p was further administered to HSCs
(24 hours). On Day 5, live cell imaging was done using Deltavision microscope to measure

autophagic flux according to manufacturer’s protocol.

2.2.9 Electron microscopy

The protocol was previously prescribed in [169]. Cells were fixed in Karnovsky’s fixative for
4Hrs and were then cute into sections (90nm) using Leica UC6 ultramicrotome using Leica
microsystems. Sections were further stained for 10 min in mixture of 2% uranyl acetate and
50% ethanol. Sections were further stained for 4 min in Reynold’s lead citrate. Jeol 1400 plus
Transmission-Electron-microscope was used at 80KV to examine the grids. Flash camera

called Digital sSCMOS with “Limitless Panorama” wide area automontage software was used
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to collect the images. Mitochondrial and autophagosomal measurements of perimeter, area
and length were manually done using image viewer software ( Jeol SightX), using free hand

tool.

2.2.10 Data Analysis and Statistics

Statistical analysis was undertaken using GraphPad Prism. Comparison was done using
student’s t-test (for two groups) and One-way analysis of variance (for multiple groups).
Statistically significant difference was presumed for p values (****p < 0.0001, ***p < 0.001,

** < 0,01, *p < 0.05).
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Chapter Three:

RARRES-1 attenuates liver fibrosis in
activated hepatic stellate cells
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3.1 Introduction

Liver fibrosis is a global health problem. Regardless of the aetiology, the progression of
nearly every chronic liver condition eventually results in the development of fibrosis, which
accounts for more than 90% of liver-related morbidity and mortality [170, 171]. Chronic liver
diseases are responsible for approximately 2 million deaths every year and are the 5™ most
common cause of death in Australia [172]. Unfortunately, no effective drugs are available to

treat liver fibrosis [173].

Liver fibrosis is a complex, reversible, and coordinated response to chronic injury, and HSCs
are the master cell type responsible for the elaboration of excess matrix during liver fibrosis.
The reversal of liver fibrosis has been documented in patients and experimental models [174-
176]. Since antifibrotic drugs are unavailable, novel approaches to identify targets that are

likely to translate to clinical benefits are urgently needed.

Epigenetics can be avenue to identify novel therapeutic targets for liver fibrosis. Epigenetics
refers to heritable phenotype changes that do not involve alterations in the DNA sequence.
Epigenetic processes, including DNA methylation, histone modification, noncoding RNAs
and chromatin remodelling, occur at various levels. All these epigenetic processes can
modulate the access of DNA to the transcriptional machinery of cells; hence, aberrant
epigenetic changes lead to the expression of disease-related genes [177], including those
involved in the development of chronic liver disease and liver fibrosis [151]. Notably,
conventional drugs do not reverse epigenetic modifications. Thus, we require treatment
approaches that can specifically target the epigenome to restore the balance of the

“Epigenetic Landscape”[178].

DNA methylation is an important epigenetic process. Aberrant DNA methylation causes

transcriptional silencing of genes that ultimately affects the cellular pathways implicated in
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fibrosis [179]. DNA methylation also plays a major role in HSC differentiation and

extracellular matrix accumulation during the liver fibrotic disease process [177].

Epigenome-wide association studies (EWASSs) help researchers investigate the associations
between a particular phenotype and DNA methylation in a systematic and hypothesis-free
manner. Therefore, these studies have contributed to advancing our understanding of the
epigenetic basis of various complex diseases [180, 181]. However, the application of EWASs

to explore epigenetic changes in liver fibrosis is still limited.

Therefore, we conducted an EWAS to systematically explore epigenetic changes in liver
fibrosis. Approximately 88 Northern European patients with metabolic-associated fatty liver
disease (MAFLD) with or without advanced fibrosis (stage 3—4) were included. DNA was
extracted from blood, and EWAS was performed. Increased methylation of the retinoic acid
receptor responder protein 1 gene (RARRES-1) locus was found to be the top hit associated

with advanced fibrosis.

Aberrant DNA hypermethylation of the RARRES-1 promoter results in transcriptional
silencing of RAARES-1 expression in multiple cancers, including oesophageal cancer, gastric
cancer, hepatocellular carcinoma (HCC), and endometrial, breast and prostate cancers [182].
However, the role of RARRES-1 in fibrosis is still largely unknown. Therefore, | opted to
investigate its role.

In this chapter, | start by measuring the expression of RARRES-1 in different human tissues
and hepatic cells. If RARRES-1 is expressed in the liver, | will explore whether the hepatic
expression of RARRESI is correlated with fibrosis in human, mouse, and in vitro fibrotic
models. Finally, if this result is confirmed, I will investigate whether RARRES-1 can

attenuate liver fibrosis in activated hepatic stellate cells.
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3.2 Results

3.2.1 RARRES-1 is expressed in different human tissues and liver cells.

| first assessed the expression of RARRES-1 across panels of human tissues and cells.
Although | can identify RARRES1 ubiquitously, RARRES-1 shows different expression
levels across various human tissues (Figure 3.1A). Within the liver, RARRES-1 is most
strongly expressed in hepatic stellate cells, with approximately 4 and 5 times higher
expression compared to different subsets of liver cells namely, Kupffer cells and hepatocytes,

respectively (Figure 3.1B).
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Figure 3.1: RARRES1 expression in various human tissues and cells. mRNA expression

in A) different human tissues and B) human primary hepatic cell types. RARRES-1 mRNA
expression levels were assessed by real time polymerase chain reaction (RTQPCR).
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used for normalization. The
highest CT value was designated as value of 1 for the tissue or cell line. HHSTEC, human
hepatic stellate cells; HH, human hepatocytes; HHSEC, human hepatic sinusoidal

endothelial cells.
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3.2.2 RARRES-1 expression is downregulated in patients with viral and non-viral

liver diseases

To investigate if the hepatic expression of RARRES-1 is correlated with liver fibrosis. |
compared the mRNA expression of RARRESL1 in liver samples of 19 patients with hepatitis
C and 46 patients of MAFLD related fibrosis with mRNA expression of RARRES-1 in liver
samples of 7 healthy individuals. RARRES-1 mRNA was downregulated in HCV and

MAFLD patients as compared to healthy control (Figure 3.2).
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Figure 3.2: RARRSE-1 mRNA expression in cohort of human liver diseases. RARRES-1
MRNA expression was significantly reduced in HCV (n=19) and MAFLD (n=46) patients as
compared to healthy individuals (n=7). Values are represented as mean + SEM. Statistical
difference between the groups was measured by 2- tailed Student’s t test. *p < 0.05, **p <

0.01, ***p < 0.001, ****p < 0.0001.
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3.2.3 RARRES-1 expression is downregulated in fibrotic mouse models

After confirming RARRES-1 expression is downregulated in cohort of HCV and MAFLD
patients, | further investigated, if the expression of RARRES-1 is similarly altered in fibrotic
mouse models. Three liver fibrotic mouse models were created in our Lab and utilised for this
analysis. These models are CCL4 (Carbon tetrachloride), BDL (Bile duct ligation) and MCD
(methionine and choline deficient) mouse models. As depicted in Figure 3.3A- C, RARRES-
1 hepatic MRNA expression was found to be downregulated consistently with fibrosis across

all three models.
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Figure 3.3: RARRES-1 expression is downregulated in fibrotic mouse models. Relative
expression of hepatic RARRES-1 mRNA in multiple fibrotic mouse models A) in CCL4
model, B) in BDL model and C) in MCD model (n=3, per each group). Expression of
RARRES-1 was analysed by RTqPCR and normalized to GAPDH. Values are represented as
mean + SEM. Statistical difference was measured by 2- tailed Student’s t test. *p < 0.05, **p

<0.01, ***p <0.001A, ****p < 0.0001.
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To further confirm the changes in the expression of RARRES-1 in fibrotic mouse models, the

expression of RARRES-1 at protein levels was evaluated in the same three models using

Western blot. This analysis has consistently shown a significant reduction in the expression

of hepatic RARRES-1 expression in all three models (Figure 3.4).
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Figure 3.4: RARRES-1 protein expression in multiple fibrotic mouse models (CCL4,

BDL & MCD). Western blot analysis has shown reduction in the expression of RARRES-1

in CCL4, BDL and MCD fibrotic mouse models. Expression of RARRES-1 was normalized

to vinculin.
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Lastly, for further confirmation, the expression of RARRES-1 was determined using
immunohistochemistry in CCL4 and BDL mice. IHC images and subsequent quantification
using image J have demonstrated reduction in the expression of RARRES-1 protein in both

models as compared to control (Figure 3.5A- C).
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Figure 3.5: RARRES-1 expression at protein level in multiple fibrotic mouse models. A)
RARRES-1 immunohistochemistry staining was assessed in liver sections in CCL4 and BDL
mice (n=3, per each group). Expression data was derived from average of all animals.
RARRES-1 positive area was quantified by image J in B) CCL4 and C) in BDL mouse
models. Expression of RARRES-1 was significantly reduced in both CCL4 & BDL. Values
are represented as mean + SEM. Statistical difference between the groups was measured by

2- tailed Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001A, ****p < 0.0001.
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3.2.4 Expression of RARRES-1 mRNA is downregulated with the activation of human

hepatic stellate cells

As | demonstrated that RARRES-1 is highly expressed in hepatic stellate cells (HSCs). I then
thought to explore the dynamic of RARRES-1 expression during the course of culture-
dependent activation of human primary stellate cells (HSCs). RARRES-1 mRNA expression
was found to be reduced with activation of human primary HSCs, further implying a potential

role for RARRES-1 in fibrosis (Figure 3.6).
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Figure 3.6: Transcriptional silencing of RARRES-1 expression during the course of
culture-dependent activation of human primary stellate cells. HHSC cells were cultured
and harvested according to the indicated passage number and RARRES-1mRNA expression

was quantified using RTgPCR.
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3.2.5 Expression of RARRES-1 is downregulated in in-vitro fibrotic models

Further, I investigated the changes of expression of RARRES-1 in in-vitro fibrotic model
induced by TGF-B, a classical profibrotic cytokine that triggers the expression of fibrogenic
characteristics of HSC. Human HSC (LX-2 cells) were treated with TGF-p for 24 hours with

or without TGF- inhibitor (LY2109761, a specific inhibitor of TGF-p receptor type I/II).

This experiment has shown that the RARRES-1 expression was repressed in LX-2 cells
treated with TGF-B, an effect which was reversed by TGF-B inhibitor, indicating the

specificity of the effect (Figure 3.7).
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Figure 3.7: Relative Expression of RARRES-1 mRNA in LX-2 in-vitro models.
RARRES-1 mRNA expression in TGF- and TGF- inhibitor treated LX-2 cells (n=2, per
each group). Expression of RARRES-1 was normalized to GAPDH. Values are represented
as mean = SEM. Statistical difference between the groups was measured by 2-tailed Student’s

t test. *p <0.05, **p <0.01, ***p <0.001A, ****p < 0.0001.
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3.2.6 RARRES-1 expression attenuates fibrosis in myofibroblasts

After confirmation that RARRES-1 correlates fibrosis, | then moved on to investigate if
RARRES-1 could attenuate fibrosis. To address this, | increased the expression of RARRES-

1 using two different approaches, pharmacological and genetic activation.

3.2.6.1 Pharmacological activation of RARRES-1 attenuates fibrosis in myofibroblasts

Pharmacological activation was done by treating LX-2 cells with retinoic acid p-
hydroxyanilide. Retinoic acid is vitamin A acid analogue, that increases the expression of

RARRES-1 among multiple other effects [183].

Firstly, I confirmed that retinoic acid increases the expression of RARRES-1 in LX-2 cells

using RTqPCR (Figure 3.8).
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Figure 3.8: Retinoic acid treatment increases the expression of RARRES-1 in LX-2 cells.
LX-2 cells were treated with retinoic acid and RTgPCR, for the measurement of RARRES-1
MRNA was undertaken according to standard protocol (n=2). Expression of RARRES-1
mMRNA was normalized to GAPDH. Values are represented as mean = SEM. Statistical
difference between the groups was measured by 2- tailed Student’s t test. *p < 0.05, **p <

0.01, ***p <0.001A, ****p < 0.0001.
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After confirmation that retinoic acid treatment increases the expression of RARRES-1, |
further moved to investigate if this overexpression of RARRES-1 modulates the expression
of fibrotic markers. To evaluate this, | treated the cells with retinoic acid for 48 hours, with
and without stimulation with TGF- for another 24 hours. Cells were harvested and RTqPCR
was performed. Results of the experiment has shown that RARRES-1 activation has
significantly repressed the expression of fibrotic markers, namely alpha-smooth muscle actin
(a-SMA), alpha-1-type I Collagen (COL1A1l), transforming growth factor-p (TGF-B) and
connective tissue growth factor (CTGF) (Figure 3.9A-D). These results suggest that

RARRES-1 activation have antifibrotic effect.
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Figure 3.9: Pharmacological activation of RARRES-1 produces antifibrotic effect in
LX-2 cells. RARRES-1 activation reduces the mRNA expression of A) a-SMA, B) COL1AL,
C) TGF-p and D) CTGF (n=3, per each group) using RTgPCR. Expression of RARRES-1
MRNA was normalized to GAPDH. Values are represented as mean + SEM. Statistical
difference between the groups was measured by 2- tailed Student’s t test. *p < 0.05, **p <

0.01, ***p <0.001, ****p < 0.0001.
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3.2.6.2 Genetic activation of RARRES-1 and effect on fibrosis

To confirm that these results are specifically attributed to RARRESL activation, | then
undertook another approach for activation of RARRES-1 in LX-2 cells using RARRES-1
specific plasmid. To this end, LX-2 cells were transfected with RARRES-1 plasmid or empty
vector as a control for 48 hours and the efficacy of the transfection was confirmed using
Western blot that showed a significant upregulation of RARRES1 compared to control

(Figure 3.10).
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Figure 3.10: RARRES-1 transfection increased the expression of RARRES-1 in LX-2
cells. The expression of RARRES-1 protein was evaluated by Western blot analysis in both
RARRES-1 plasmid transfection and control after 48 hours. RARRES-1 protein expression

was normalized to vinculin.
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Next, | investigated the impact of RARRES-1 on TGF-f induced fibrotic effect. Consistently,
RARRES-1 activation was demonstrated to repress the expression of TGF-f induced fibrotic

markers, a-SMA (Figure 3.11A), COL1A1 (Figure 3.11B) and TGF-p (Figure 3.11C).
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Figure 3.11: Genetic activation of RARRES-1 produces antifibrotic effect in LX-2 cells.
RARRES-1 activation reduces the expression of A) a-SMA, B) COL1Al, and C) TGF-p
(n=3, per each group) using RTgPCR. RARRES-1 mRNA expression was normalized to
GAPDH. Values are represented as mean = SEM. Statistical difference between the groups
was measured by 2- tailed Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001A, ****p <

0.0001.
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For further confirmation, the impact of RARRES1 activation on the expression of a-SMA in
LX-2 upon TGF-B treatment was determined by immunofluorescence. Images analysis has
shown significant reduction in the expression of a-SMA protein with RARRESL1 activation

(Figure 3.12 A-B).
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Figure 3.12: Expression of a-SMA in RARRES-1 transfected cells using
immunofluorescence in human hepatic stellate cell line. A) Representative images for the
expression of a-SMA (n=2). B) Quantification of a-SMA protein. Values are represented as
mean £ SEM. Statistical difference between the groups was measured by 2- tailed Student’s t
test. *p <0.05, **p <0.01, ***p < 0.001A, ****p < 0.0001.
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3.2.7 RARRES-1 activation has antifibrotic effect in murine hepatic stellate cells

To further confirm that the antifibrotic effect of RARRES-1 is not species dependent. I
further extended my study in mice using mouse HSCs cell line (JS-1cell line). JS-1 cells were
transfected with RARRES-1 plasmid and stimulated with TGF-f. Immunofluorescence
staining for a-SMA was done using Deltavision microscope. Images analysis has shown a
significant reduction in the expression of TGF-B induced a-SMA expression in JS-1 cells
upon RARRES1 activation (Figure 3.13 A-B). Collectively, these results confirm the

antifibrotic effect of RARRES1 in human and mouse models.
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Figure 3.13: Expression of a-SMA in RARRES-1 transfected cells using
immunofluorescence in mouse cell line. A) Representative images for the expression of a-
SMA (n=2). B) Quantification of a-SMA protein. Values are represented as mean + SEM.
Statistical difference between the groups was measured by 2- tailed Student’s t test. *p <

0.05, **p <0.01, ***p < 0.001A, ****p <0.0001.
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3.3 Discussion

The work presented in this chapter identified the RARRES-1 gene as a novel gene that
possibly affects the risk of hepatic fibrosis. Hepatic RARRES-1 gene expression is attenuated
with the progression of fibrosis or HSCs activation. However, restoring RARRES-1

expression reversed the TGF-B-induced fibrotic response in HSCs.

Specifically, the results presented in this chapter revealed that the RARRES-1 gene is
expressed in various human tissues and liver cell subsets. Compared with that in other liver
cells, RARRES-1 was expressed at higher levels in HSCs. These findings point to the
potential involvement of RARRESL in liver fibrosis. Furthermore, a comprehensive analysis
confirmed that RARRES-1 expression was downregulated in a cohort of patients with liver
diseases, including HCV and MAFLD patients, and similar findings were obtained in fibrotic
mouse models. Consistent with these findings, RARRES-1 mRNA expression was repressed
with the activation of HSCs either during the course of culture-dependent activation or after
stimulation with TGF-p.

After confirming that RARRES-1 expression correlated with fibrosis, T conducted a series of
in vitro tests to investigate whether RARRES-1 expression attenuates fibrosis. The results of
pharmacological and genetic activation confirmed that the overexpression of RARRES-1
reduced fibrosis in human and murine HSCs.

TGF-B is a fibrogenic cytokine that plays a central role in the development of liver fibrosis
and has been shown to promote fibrosis by activating HSCs to myofibroblasts [184].
Activated HSCs proliferate and produce extracellular matrix proteins to form fibrous scars
[185]. However, deactivation of HSCs has been implicated in the regression of liver fibrosis
[186]. Thus, approaches that regulate the TGF-B signalling pathway have been widely
investigated for the treatment of liver fibrosis [187, 188]. In addition to promoting fibrosis,

TGF-f is involved in regulating many other physiological processes. Therefore, ubiquitous
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inhibition of TGF- is not favourable, as it can lead to unwanted systemic side effects. As
shown in the present study, RARRES-1 activation inhibits HSCs activation and regulates the
TGF-p fibrogenic response. RARRES-1 might provide a way to selectively target the fibrotic

effect of the TGF-P signalling pathway.

In conclusion, the results presented in this chapter suggest that RARRES-1 expression is
attenuated with fibrosis, whereas restoring RARRES-1 expression has antifibrotic effects.
RARRES-1 is a promising therapeutic target that can be extrapolated to treat liver fibrosis,
but the mechanism underlying its antifibrotic effect remains unclear. Therefore, in the next

chapter, I investigate the underlying mechanism of the antifibrotic effect of RARRES-1.
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Chapter Four:

RARRES-1 regulates fibrosis by regulating

mitochondrial function
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4.1 Introduction

The activation of hepatic stellate cells (HSCs) is an energy-dependent process, and
mitochondria are the “power house” of the cells responsible for producing ATP and
maintaining energy metabolism in cells [189]. During fibrosis, changes in mitochondrial
metabolism, mitophagy, fission, fusion, and biogenesis occur to meet the energy demand,
which ultimately leads to mitochondrial dysfunction [190]. This altered mitochondrial
activity results in increased generation of reactive oxygen species (ROS) [90, 91].
Uncontrolled activation of ROS leads to the constant expression of extracellular matrix

proteins and, consequently, fibrosis [191].

On the other hand, excessive ROS can damage the normal structure and function of
mitochondria. This process can lead to the release of ROS due to mitochondrial permeability
transition pore (MmPTP) opening, causing changes in mitochondrial structure, increased
mitochondrial membrane potential, and damage to mitochondrial DNA that ultimately

exacerbate ROS generation, creating a vicious cycle [192].

In the previous chapter, I demonstrated that RARRES-1 is downregulated with the
progression of liver fibrosis. However, RARRES-1 activation can reduce HSCs activation
and subsequent fibrosis, suggesting that it could be exploited as a potential therapeutic target.
However, the underlying mechanism by which RARRES-1 produces antifibrotic effects is
still unknown. Thus, | hypothesize that RARRES-1 may also regulate mitochondrial activity
and mitochondrial morphology and thereby the generation of ROS, ultimately attenuating the

energy demand of activated HSCs and fibrosis.

Hence, in this chapter, | investigate whether RARRES-1 activation regulates mitochondrial
structure and activity during fibrosis. I will focus on the effects of RARRES-1 activation on

the regulation of mitochondrial morphology; the expression of ATP synthase beta protein,
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fusion protein, and mitochondrial importer protein; the mitochondrial membrane potential;

the generation of ROS; and the expression of fibrotic markers.
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4.2 Results

4.2.1 RARRES-1 activation modulates mitochondrial morphology

To support the increase of energy demand during fibrosis, mitochondrial activity is altered
that lead to changes in mitochondrial morphology [193]. Additionally, increased ROS

production can damage mitochondrial proteins, membranes, and DNA [194].

To investigate the impact of RARRES-1 activation on mitochondrial morphology, LX-2 cells
were transfected with RARRES-1 plasmid for 48 hours and stimulated with TGF-B for 24
hours. Analysis was then undertaken using transmission electron microscope (TEM) for

mitochondrial morphology.

Results have shown that RARRESL reversed the TGF-B induced increase in mitochondrial
perimeter, area, and length, implying that RARRES-1 regulates mitochondrial morphology

(Figure 4.1A-D).
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Figure 4.1: RARRES-1 activation regulates mitochondrial morphology in TGF-p

stimulated HSCs. LX-2 cells transfected with RARRES-1 plasmid and control before
challenging with TGFp for 24 hours and TEM was undertaken to investigate the
mitochondrial morphology. Representative images (scale bar 5.0um) for A) control B)
RARRES-1 transfected LX-2 cells. C) Quantification for mitochondrial perimeter. D)
Quantification for mitochondrial Area. E) Quantification for mitochondrial Length.
Mitochondrial measurements of perimeter, area and length were manually done by using free
hand tool in the Jeol SightX image viewer software (n=231 and 283 in RARRES-1
transfected cells and control, respectively). Values are represented as mean + SEM. Statistical
difference between the groups was measured by one sample Wilcoxon test.*p < 0.05, **p <

0.01, ***p <0.001, ****p < 0.0001.
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4.2.2 RARRES-1 activation reduces the expression of mitochondrial importer protein

During fibrosis, disruption of mitochondrial quality control occurs [190]. After confirming
that RARRES-1 activation regulates mitochondrial morphology, | moved to further
investigate, if RARRES-1 regulates mitochondrial dynamics. The mitochondrial membrane
consists of outer and inner membranes, separated by an intermembrane space [195]. The
outer membrane is more permeable than the inner membrane. Translocase of the outer
mitochondrial membrane 20 (TOMZ20) is a crucial part of the receptor complex that imports
nuclear-encoded mitochondrial precursor proteins and is located in the outer membrane [9].
Disruptions in the import of mitochondrial proteins can have detrimental effects on

mitochondrial function and survival [196-198].

To find the effect of RARRES-1 activation on the mitochondrial dynamics, firstly I
investigated the effect of RARRES-1 activation on the expression of mitochondrial importer
protein, namely TOM20. LX-2 cells were transfected with RARRES-1 for 48 hours, with and
without TGF-B stimulation for 24 hours. Then I stained the cells with the antibody to
Tomm20. Immunofluorescence was undertaken and analysis was confirmed using image J.
Results has shown that RARRES-1 activation reduced the expression of the Tomm20 (Figure

4.2A-B).
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Figure 4.2: RARRES-1 activation reduces the expression of mitochondrial importer
protein Tomm20. A) Representative images for the expression of Tomm20, with or without

TGF-B stimulation (n=2). B) Quantification for the expression of Tomm20. Imaging was
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undertaken using deltavision microscope and analysed using image J. Values are represented
as mean = SEM. Statistical difference between the groups was measured by 2- tailed

Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001A, ****p < 0.0001.
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4.2.3 RARRES-1 activation regulates the expression of ATP synthase beta and

metabolic reprogramming.

The activation of HSCs to myofibroblasts is accompanied by increased energy demand,
which is supplemented by increased energy production in the form of ATP production [90].
The inner membrane of mitochondria is the site of oxidative phosphorylation and electron
transport chain and contains synthase (ATP-B synthase) are involved in ATP production

[199].

Next, | moved on to investigate if RARRES-1 activation will regulate genes controlling
mitochondrial ATP production, namely ATP synthase beta. To investigate this, LX-2 cells
were transfected with RARRES-1 plasmid for 48 hours and stimulated with TGF-B for 24

hours. Immunofluorescence was undertaken for ATP synthase beta expression.

Results have demonstrated that RARRES-1 activation reduces the expression of ATP

synthase beta both at baseline and upon TGF-f stimulation (Figure: 4.3A-B).
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Figure 4.3: RARRES-1 activation reduces the expression of ATP synthase beta. A)
Representative images for the expression of ATP synthase beta, with or without TGF-

stimulation (n=2). B) Quantification for the expression of ATP synthase beta. Imaging was
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undertaken using deltavision microscope and analysed using image J. Values are represented
as mean = SEM. Statistical difference between the groups was measured by 2- tailed

Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001A, ****p < 0,0001.
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4.2.4 RARRES-1 activation reduces the expression of fusion protein

During fibrosis, mitochondrial activty is increased to fulfil the energy demands of the cells
and undergo continous changes in shape. Due to abnormal function of mitochondria,
defective mitochondria will fuse and become elongated [200]. In an attempt to produce
functional mitochondria, there will be increased expression of mitofusion protein (MFN1).
That’s why I further investigated if RARRES-1 activation will regulate the expression of

MFN1.

To investigate it, LX-2 cells were transfected with RARRES-1 for 48 hours and stimulated
with TGF-B for 24 hours. Immunofloresence was undertaken for the expression of MFN1.
Results have shown that RARRES-1 activation reduces the expression of mitofusion protein,

both at baseline and upon TGF-f stimulation (Figure 4.4A-B).
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Figure 4.4: RARRES-1 activation reduces the expression of mitofusin protein. A)
Representative images for the expression of MFN1, with or without TGF-f stimulation (n=2).
B) Quantification for the expression of MFN1. Imaging was undertaken using Deltavision

microscope and analysed using image J. Values are represented as mean + SEM. Statistical
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difference between the groups was measured by 2- tailed Student’s t test. *p < 0.05, **p <

0.01, ***p <0.001A, ****p <0.0001.
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4.2.5 RARRES-1 activation reduces mitochondrial membrane potential

Mitochondrial activity is indicated by mitochondrial membrane potential [201]. As | have
demonstrated that RARRESL regulates mitochondrial activity during HSCs activation, |
further extended my investigation by exploring the impact of RARRES1 on mitochondrial

membrane potential under fibrotic conditions.

To this end, LX-2 cells were transfected with RARRES-1 for 48 hours, with and without
TGF-p stimulation for 24 hours. Then cells were stained with the red-orange, fluorescent dye
TMRE (Tetramethylrhodamine, ethyl ester), a marker of the mitochondrial membrane

potential (). Live cell imaging was undertaken using deltavision microscope. Consistently,
Results have shown that RARRES-1 activation reduced both baseline and TGF-p induced

expression of mitochondrial membrane potential (Figure 4.5A-B).
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Figure 4.5: RARRES-1 activation reduces the mitochondrial membrane potential. A)
Representative images for the expression of TMRE, with or without TGF-p stimulation
(n=2). B) Quantification for the expression of TMRE. Imaging was undertaken using
Deltavision microscope and analysed using image J. Values are represented as mean + SEM.

Statistical difference between the groups was measured by 2- tailed Student’s t test. *p <

0.05, **p <0.01, ***p < 0.001A, ****p <0.0001.
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4.2.6 RARRES-1 activation along with CCCP synergistically reduces the mitochondrial

membrane potential

Having identified a role for RARRES-1 activation in modulating mitochondria dependent
human HSCs activation, | questioned whether RARRES1 regulates fibrosis through these
effects. Thus, | investigated the effect of carbonyl cyanide m-chlorophenyl hydrazone

(CCCP), a mitochondrial membrane potential inhibitor on RARRES-1 anti-fibrotic effect.

To do that, | first examined the effect of the combined CCCP and RARRES-1 on
mitochondrial membrane potential. LX-2 cells were transfected with RARRES-1 for 48 hours
and treated with CCCP, 2 hours before challenging with or without TGF-f stimulation for 24
hours. LX-2 cells were stained with the mitochondrial membrane potential, TMRE. Live cell

imaging was undertaken using Deltavision microscope.

Results confirmed that RARRES-1 activation along with carbonyl cyanide m-chlorophenyl
hydrazone synergistically reduces the mitochondrial membrane potential both at baseline

(Figure 4.6A-B) and upon TGF- stimulation (Figure 4.7A-B).
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Figure 4.6: RARRES-1 activation along with CCCP synergistically reduces
mitochondrial membrane potential in unstimulated HSCs. LX-2 cells transfected with

RARRES-1 and treated with or without CCCP for 2 hours. A) Representative images for the
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expression of TMRE. B) Quantification of TMRE at baseline. Live cell imaging was
undertaken using Deltavision microscope and analysed using image J. Values are represented
as mean + SEM. Statistical difference between the groups was measured by one-way
ANOVA; multiple comparisons were corrected by Boneferroni correction. *p < 0.05, **p <

0.01, ***p <0.001A, ****p < 0.0001.

91



DAPI TMRE Merged
§ ...
1=
O

10

o

O

O

O
-
n
L
o4
[v4
<l:..
04
o
1=
@]

Iy )

)

o

)

)

O+
N
L
Y
o
: ..
o

[l control JlIRARRES-1

% %k %k %k

4x107 *ok Kk

Floresence Intensity
(TMRE Mitochondrial stain)

cceP() CCCP(+)

Figure 4.7: RARRES-1 activation along with CCCP synergistically reduce
mitochondrial membrane potential in stimulated HSCs. LX-2 cells transfected with

RARRES-1 and treated with or without CCCP for 2 hours, before challenging with TGF-p.
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A) Representative images for the expression of TMRE. B) Quantification of TMRE upon
stimulation with TGF-B. Live cell imaging was undertaken using Deltavision microscope and
analysed using image J. Values are represented as mean = SEM. Statistical difference
between the groups was measured by one-way ANOVA; multiple comparisons were

corrected by Boneferroni correction. *p <0.05, **p < 0.01, ***p < 0.001A, ****p < 0.0001.
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4.2.7 RARRES-1 activation along with CCCP synergistically reduces the generation of

ROS

Then, | extended these studies and investigated the impact of RARRES-1 activation along
with CCCP on the generation of ROS. To investigate this, LX-2 cells were transfected with
RARRES-1 plasmid for 48 hours and treated with CCCP, 2 hours before challenging with
TGF-B. Live cell imaging was undertaken for the expression of DCFDA stain, a marker of
ROS. Results of analysis confirmed that RARRES-1 activation along with CCCP
synergistically reduces the generation of ROS in LX-2 cells, both at baseline (Figure: 4.8A-

B) and stimulated levels (Figure: 4.9A-B).
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B) Quantification of DCFDA at baseline. Live cell imaging was undertaken using Deltavision
microscope and analysed using image J. Values are represented as mean = SEM. Statistical
difference between the groups was measured by one-way ANOVA; multiple comparisons
were corrected by Bonferroni correction. *p < 0.05, **p < 0.01, ***p < 0.001A, ****p <

0.0001.

96



A DAPI DCFDA Merged

Control

Control

CCCP ()

RARRES-1

CCCP (+)

RARRES-1

[l control JIRARRES-1

1.5x107=
* % %

%k %k %k %k

1x107=

5x106=

Floresence Intensity
(DCFDA Stain)

CCCP(-) CCCP(+)

Figure 4.9: RARRES-1 activation along with CCCP synergistically reduce ROS
generation in stimulated HSCs. LX-2 cells transfected with RARRES-1 and treated with or
without CCCP for 2 hours, before challenging with TGF-B (n=2). A) Representative images
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for the expression of DCFDA. B) Quantification of DCFDA upon stimulation with TGF-f.
Live cell imaging was undertaken using deltavision microscope and analysed using image J.
Values are represented as mean = SEM. Statistical difference between the groups was
measured by one-way ANOVA; multiple comparisons were corrected by Boneferroni

correction. *p < 0.05, **p <0.01, ***p < 0.001A, ****p <0.0001.
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4.2.8 RARRES-1 activation along with CCCP synergistically reduces the expression of

fibrotic markers

In the previous experiments | confirmed that RARRES-1 activation accompanied with CCCP
regulates the mitochondrial membrane potential and ROS generation. Next, | further want to
explore if this regulation of mitochondrial activity is implicated in the anti-fibrotic effect of

RARREs].

To do that, LX-2 cells were transfected by either control or RARRES-1 plasmid for 48 hours
and treated with CCCP for 2 hours before challenging with or without TGF-f stimulation.

Immunofluorescence was undertaken for the expression of a-SMA.

The results have shown that RARRES-1 activation along with CCCP synergistically reduces
the expression of fibrotic markers both at baseline (Figure: 4.10A-B) and upon TGF-§

stimulation (Figure: 4.11A-B).
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Figure 4.10: RARRES-1 activation along with CCCP synergistically reduces expression
of fibrotic marker in unstimulated HSCs. LX-2 cells transfected with RARRES-1 and
treated with or without CCCP for 2 hours. A) Representative images for the expression of a-
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SMA. B) Quantification of a-SMA at baseline. Immunofluorescence was undertaken using
deltavision microscope and analysed using image J. Values are represented as mean + SEM.
Statistical difference between the groups was measured by one-way ANOVA; multiple
comparisons were corrected by Boneferroni correction. *p < 0.05, **p < 0.01, ***p <

0.001A, ****p <0.0001.
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Figure 4.11: RARRES-1 activation along with CCCP synergistically reduce expression
of fibrotic markers in stimulated HSCs. LX-2 cells transfected with RARRES-1 and

treated with or without CCCP for 2 hours, before challenging with TGF-f. A) Representative
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images for the expression of a-SMA. B) Quantification of a-SMA upon stimulation with
TGF-B. Immunofluorescence was undertaken using deltavision microscope and analysed
using image J. Values are represented as mean + SEM. Statistical difference between the
groups was measured by one-way ANOVA; multiple comparisons were corrected by

Boneferroni correction. *p < 0.05, **p <0.01, ***p < 0.001A, ****p < 0.000.
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4.3 Discussion

In previous chapters, RARRES-1 was identified as a novel regulator of HSCs activation and
liver fibrosis. I identified that the activation of RARRES-1 reduces the expression of fibrotic
markers and has an antifibrotic effect. In this chapter, | extended my findings by confirming
that the regulation of mitochondrial morphology and activity is one of the mechanisms
underlying the antifibrotic effect of RARRES-1. These mechanisms are all interlinked,
implying that the antifibrotic effect of RARRES-1 occurs via the regulation of energy release

in activated HSCs.

TGF-p is a master cytokine that promotes fibrosis by exerting cytostatic and apoptotic effects
[202, 203]. TGF-B has been shown to induce fibroblasts to differentiate into myofibroblasts
by increasing the mitochondrial contents and respiration [204]. One of the mechanisms by
which TGF-B promotes fibrosis involves direct effects on mitochondrial metabolism and
mitochondrial ROS generation. These changes ultimately lead to increased mitochondrial
permeability, osmotic pressure, swelling of mitochondria, apoptosis, and hence damage to
mitochondria [205-207]. During liver fibrosis, mitochondrial permeability is altered due to
fluctuations in mitochondrial importer proteins, which increase the mitochondrial membrane
potential and ATP synthesis [208, 209]. Hence, all these processes damage mitochondrial
morphology and initiate a vicious cycle [210]. | demonstrated that RARRES-1 breaks this
vicious cycle and reduces the generation of mitochondrial ROS both at baseline and upon
TGF-B stimulation. It also regulates mitochondrial import, ATP synthesis, mitochondrial

fusion, the mitochondrial membrane potential, and mitochondrial morphology.

Elaborating on the results presented in this chapter, 1 showed that RARRES-1 activation
regulates morphological changes in mitochondria under fibrotic conditions. Additionally, the

data presented in this chapter confirmed that RARRES-1 activation reduces the expression of
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mitochondrial importer proteins and ATP synthesis. This reduction in the expression of
importer proteins might reduce electron transport in the mitochondria, which is needed for the
increased phosphorylation of ADP to ATP and the subsequent increase in energy production
to support fibrosis. RARRES-1 activation decreases the import of electrons; hence, ATP

synthesis is reduced.

Moreover, this chapter also confirmed that RARRES-1 activation reduces the expression of
mitochondrial fusion proteins, which are increased during fibrosis. RARRES-1 reduces the
levels of these proteins and hence regulates mitochondrial quality control. These results
further confirmed that RARRES-1 activation reduces the mitochondrial membrane potential.
This change might be due to the reduction in the expression of importer proteins that interfere
with the transport of ions and minerals inside the mitochondria. These results indicate that
RARRES-1 activation regulates mitochondrial dynamics through a series of downstream

events in the mitochondria.

In a series of experiments conducted with RARRES-1 and CCCP together, the results
confirmed that CCCP, along with RARRES-1 activation, synergistically reduced the
mitochondrial membrane potential. RARRES-1 activation and CCCP also reduced the
generation of ROS and the expression of a-SMA, indicating that both CCCP and RARRES-1

might work through similar pathways to reduce fibrosis.

In conclusion, the overall results presented in this chapter confirmed that RARRES-1
activation exerts an antifibrotic effect by regulating mitochondrial activity in terms of the
mitochondrial morphology, mitochondrial import, ATP synthesis, mitochondrial turnover,
mitochondrial ROS production, and the mitochondrial membrane potential and ultimately
reduces the expression of fibrotic markers. Therefore, RARRES-1 represses the profibrotic

effect of TGF-B by regulating its effect on mitochondrial activity and structure. Therefore,
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RARRES-1 represents an attractive therapeutic target that can be manipulated to restore

normal mitochondrial function and reverse liver fibrosis.
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Chapter Five: RARRES-1 regulates fibrosis
by regulating ROS generation
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5.1 Introduction

Hepatic stellate cells (HSCs) are the main cells responsible for producing excess matrix and
collagen during liver fibrosis [211, 212]. These cells are located in the space of Disse, which
is the space between hepatocytes and sinusoids in the liver. When the liver is injured, HSCs
are activated and transformed into myofibroblasts, leading to the production of fibrous tissue
[213]. The survival of activated HSCs contributes to fibrosis progression, and thus limiting

the accumulation of activated HSCs in the injured liver could help treat fibrosis.

Quiescent HSCs are characterized by containing abundant lipid droplets composed mainly of
retinyl esters, triglycerides and phospholipids. Their activation to cells that secrete fibrous
tissue is an energy-dependent process. During this activation, free fatty acids are produced by
the breakdown of triglycerides. These free fatty acids are then used in mitochondria to
generate ATP, which is necessary for HSCs to acquire a myofibroblastic phenotype [90, 91,

214].

Altered mitochondrial activity has been observed in patients with cirrhosis and in activated
HSCs [93, 215]. Mitochondria not only produce energy in the form of ATP but also generate
about 90% of reactive oxygen species (ROS), which are responsible for oxidative stress
[216]. Myofibroblast activation is an intense energy requiring process. Instead of focusing on
cell signalling, as has previously been the case, targeting the energy demand of fibrosis thus
represents a novel strategy to reverse fibrosis. This approach should minimally impact

quiescent stellate cells.

In the previous chapters, | demonstrated that RARRES-1 activation can reduce HSCs
activation and thereby fibrosis. | further showed that RARRES-1 has an antifibrotic effect by
regulating mitochondrial morphology and mitochondrial activity and ultimately reduces the

expression of fibrotic markers.

108



The mechanism by which RARRES-1 produces an antifibrotic effect is still unknown. I
hypothesize that the increased TGF-B levels during fibrosis and subsequent RARRES-1
silencing might be responsible for increased energy release. Thus, RARRES-1 activation

would reduce energy release during myofibroblast activation and thereby liver fibrosis.

This chapter focuses on investigating the possible mechanisms underlying the antifibrotic
effect of RARRES-1, specifically by determining whether RARRES-1 regulates
mitochondrial function and the release of ROS from HSCs and whether these mechanisms are

responsible for the antifibrotic effect of RARRES-1.
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5.2 Results

5.2.1 TGF-p induced ROS generation

During fibrosis, TGF- produces ROS generation that could further promote fibrosis. To
investigate if RARRES-1 produces antifibrotic effect by modulating ROS generation, | first,
established time-dependent TGF-B induced ROS generation model. Human HSCs (LX-2
cells) were treated with TGF-B over different time points (0, 6 and 24 hours). Then
production of ROS was measured by using 2’7’-dichlorofluorescin diacetate (DCFDA stain)
fluorescent probe (Figure 5.1). Maximum production of ROS was attained with 24 hours of

TGF-p treatment. Hence, this time point was selected for further experiments.
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Figure 5.1: TGF-p induced ROS generation model in LX-2 cells. LX-2 cells were treated
with TGF-p at 0, 6 and 24 hours. Total cellular ROS production was assessed using DCFDA
stain upon TGF-f treatment. Values are represented as mean £ SEM. Statistical difference
between the groups was measured by 2- tailed Student’s t test. *p < 0.05, **p < 0.01, ***p <

0.001A, ****p < 0.0001.
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5.2.2 RARRES-1 activation modulates the generation of ROS
Then, I investigated if RARRES-1 activation modulates the generation of cellular ROS that is
comprised of cytosolic and mitochondrial ROS upon TGF-f stimulation.

5.2.2.1 RARRES-1 modulates cytosolic ROS

First, to investigate if RARRES-1 activation regulates the generation of cytosolic ROS, LX-2
cells were transfected with RARRES-1 plasmid for 48 hours and stimulated with TGF- for
24 hours. Live cell imaging was undertaken for the expression of DCFDA stain using
Deltavision microscope. Image analysis has shown significant reduction in the expression of

TGF-B induced ROS generation in LX-2 cells upon RARRES-1 activation (Figure 5.2A-B).
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Figure 5.2: RARRES-1 activation regulates the generation of ROS. A) Representative
images for the expression of DCFDA stain in LX-2 cells (n=2). B) Quantification of DCFDA

stain. Live cell imaging was undertaken to investigate the generation of cytosolic ROS
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measured by green fluorescent DCFDA dye and analysed using image J. Values are
represented as mean + SEM. Statistical difference between the groups was measured by 2-

tailed Student’s t test. *p < 0.05, **p <0.01, ***p < 0.001A, ****p < 0.0001.
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5.2.2.2 RARRES-1 activation modulates the generation of mitochondrial ROS

Mitochondria are the main source of cellular ROS and approximately 90% of cellular ROS is
generated by mitochondria [217]. Next, | moved on to investigate if RARRES-1 activation
regulates the generation of mitochondrial ROS. LX-2 cells were transfected with RARRES-1
plasmid for 48 hours and stimulated with TGF-p for 24 hours. Live cell imaging was
undertaken for the measurement of mitochondrial ROS by using red fluorescent dye
MitoSox. Image analysis has shown significant reduction in the expression of TGF-f induced

mitochondrial ROS generation in LX-2 cells upon RARRES-1 activation (Figure 5.3A-B).
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Figure 5.3: RARRES-1 activation regulates the generation of mitochondrial ROS. A)
Representative images for the expression of red fluorescent dye MitoSox in LX-2 cells (n=2).
B) Quantification of MitoSox. Live cell imaging was undertaken to investigate the generation

of mitochondrial ROS (MROS), measured by the red fluorescent dye MitoSox and analysed
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using image J. Values are represented as mean + SEM. Statistical difference between the
groups was measured by 2- tailed Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001A,

*x < 0,0001.
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5.2.3 ROS inducers reverse the antifibrotic effect of RARRES-1

After demonstrating that RARRES-1 activation reduces the generation of cellular ROS in
activated HSCs. To explore if the mechanism involved in RARRES-1 antifibrotic effect is
through modulation of ROS, I planned to investigate the impact of modulation of ROS levels

on the RARRES-1 antifibrotic effect.

To evaluate this, | transfected LX-2 cells with RARRES-1 for 48 hours and treated with H202
(ROS inducer), 2 hours before challenging with or without TGF-B for 24 hours. Cells were
then stained for a-SMA, as a robust marker of myofibroblast activation. Interestingly, while
activation of RARRES-1 led to significant attenuation of a-SMA both at baseline (Figure
5.4A-B) and upon stimulation with TGF-B (Figure 5.5 A-B), this effect was completely

abolished upon treatment with H202.
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Figure 5.4: ROS inducers reverse the antifibrotic effect of RARRES-1 in unstimulated
HSCs. LX-2 cells were transfected with RARRES-1 and treated with or without H202 for 2

hours and expression of a-SMA was assessed (n=2). A) Representative images for expression
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of a-SMA. B) Quantification of a-SMA at baseline. Imaging was undertaken using
deltavision microscope and analysed using image J. Values are represented as mean + SEM.
Statistical difference between the groups was measured by one-way ANOVA; multiple
comparisons were corrected by Boneferroni correction. *p < 0.05, **p < 0.01, ***p <

0.001A, ****p <0.0001.
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Figure 5.5: ROS inducers reverse the antifibrotic effect of RARRES-1 in TGF-§
stimulated HSCs. LX-2 cells transfected with RARRES-1 plasmid and treated with or

without H202 for 2 hours before challenging with TGF-p and expression of a-SMA was
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assessed (n=2). A) Representative images for expression of a-SMA. B) Quantification of a-
SMA upon stimulation with TGF-B. Imaging was undertaken using deltavision microscope
and analysed using image J. Values are represented as mean = SEM. Statistical difference
between the groups was measured by one-way ANOVA; multiple comparisons were

corrected by Boneferroni correction. *p < 0.05, **p < 0.01, ***p < 0.001A, ****p < 0.0001.
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For further confirmation, | investigated if the similar effects would be discerned for the
expression of another fibrotic marker, namely alpha-1-type | Collagen (COL1Al).
Consistently, similar findings were obtained for the expression of COL1A1 at both baseline

(Figure 5.6A-B) and upon stimulation with TGF-f (Figure 5.7 A-B).
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Figure 5.6: ROS inducers reverse the antifibrotic effect of RARRES-1 in unstimulated

HSCs. LX-2 cells transfected with RARRES-1 and treated with or without H202 for 2 hours
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and expression of COL1Alwas assessed (n=2). A) Representative images for expression of
COL1A1. B) Quantification of COL1A1l at baseline. Imaging was undertaken using
deltavision microscope and analysed using image J. Values are represented as mean + SEM.
Statistical difference between the groups was measured by one-way ANOVA; multiple
comparisons were corrected by Boneferroni correction. *p < 0.05, **p < 0.01, ***p <

0.001A, ****p <0.0001.
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Figure 5.7: ROS inducers reverse the antifibrotic effect of in TGF-p stimulated HSCs.
LX-2 cells transfected with RARRES-1 plasmid and treated with or without H202 for 2 hours

before challenging with TGF-f and expression of COL1Al was assessed (n=2). A)
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Representative images for expression of COL1ALl. B) Quantification of COL1ALl upon
stimulation with TGF-B. Imaging was undertaken using deltavision microscope and analysed
using image J. Values are represented as mean + SEM. Statistical difference between the
groups was measured by one-way ANOVA; multiple comparisons were corrected by

Boneferroni correction. *p < 0.05, **p <0.01, ***p <0.001A, ****p < 0.0001.
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5.2.4 ROS inhibitors synergize the antifibrotic effect of RARRES-1

For further confirmation that the antifibrotic effect of RARRES-1 is via regulation of ROS
generation level, | opted to investigate the reverse approach and test effect of ROS inhibitors
on the RARRESL1 anti-fibrotic effect. To this end, Lx2 cells were transfected with RARRES-
1 as described above, and cells were treated with different ROS inhibitors, namely
glutathione (detoxify free radicals), Mito-TEMPO (mitochondrial targeted antioxidant that
specifically scavenges mitochondrial ROS) and 4u8C (IREA1 inhibitor that prevent splicing
of XBP1 mRNA and reduce ROS generation), 2 hours before challenging with or without
TGFp for 24 hours. The expression of a-SMA was measured by immunofluorescence.
Results confirmed synergistic inhibition of a-SMA in LX-2 cells transfected with RARRES-
1 and treated with ROS inhibitors: glutathione (Figure 5.8 and Figure 5.9), Mito-TEMPO

(Figure 5.10 and Figure 5.11) and 4u8C (Figure 5.12 and Figure 5.13).
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Figure 5.8: ROS inhibitors synergise the antifibrotic effect of RARRES-1 in
unstimulated HSCs. LX-2 cells were transfected with RARRES-1 plasmid and treated with

glutathione for 2 hours and expression of a-SMA was assessed (n=2). A) Representative

128



images for expression of a-SMA. B) Quantification of a-SMA at baseline. Imaging was
undertaken using deltavision microscope and analysed using image J. Values are represented
as mean + SEM. Statistical difference between the groups was measured by one-way
ANOVA; multiple comparisons were corrected by Boneferroni correction. *p < 0.05, **p <

0.01, ***p <0.001A, ****p < 0.0001.
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Figure 5.9: ROS inhibitors synergise the antifibrotic effect of RARRES-1 in TGF-p
stimulated HSCs. LX-2 cells were transfected with RARRES-1 and treated with glutathione
for 2 hours before challenging with TGFp and expression of a-SMA was assessed (n=2). A)
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Representative images for expression of a-SMA. B) Quantification of o-SMA upon
stimulation with TGF-p. Imaging was undertaken using deltavision microscope and analysed
using image J. Values are represented as mean + SEM. Statistical difference between the
groups was measured by one-way ANOVA; multiple comparisons were corrected by

Boneferroni correction. *p <0.05, **p <0.01, ***p <0.001A, ****p <0.0001.
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Figure 5.10: ROS inhibitors synergise the antifibrotic effect of RARRES-1 in
unstimulated HSCs. LX-2 cells transfected with RARRES-1 plasmid and treated with Mito-
TEMPO for 2 hours and expression of a-SMA was assessed (n=2). A) Representative images

for expression of a-SMA. B) Quantification of a-SMA at baseline. Imaging was undertaken
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using Deltavision microscope and analysed using image J. Values are represented as mean +
SEM. Statistical difference between the groups was measured by one-way ANOVA; multiple
comparisons were corrected by Boneferroni correction.*p < 0.05, **p < 0.01, ***p < 0.001A,

*Hx < 0,0001.
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TEMPO for 2 hours before challenging with TGF-B and expression of a-SMA was assessed
(n=2). A) Representative images for expression of a-SMA. B) Quantification of a-SMA upon
stimulation with TGF-f. Imaging was undertaken using Deltavision microscope and analysed
using image J. Values are represented as mean + SEM. Statistical difference between the
groups was measured by one-way ANOVA; multiple comparisons were corrected by

Boneferroni correction. *p < 0.05, **p <0.01, ***p <0.001A, ****p < 0.0001.
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Figure 5.12: ROS inhibitors synergise the antifibrotic effect of RARRES-1 in
unstimulated HSCs. LX-2 cells were transfected with RARRES-1 plasmid and treated with

4u8C for 2 hours and expression of a-SMA was assessed (n=2). A) Representative images for
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expression of a-SMA at baseline. B) Quantification of a-SMA at baseline. Imaging was
undertaken using Deltavision microscope and analysed using image J. Values are represented
as mean + SEM. Statistical difference between the groups was measured by one-way
ANOVA; multiple comparisons were corrected by Boneferroni correction. *p < 0.05, **p <

0.01, ***p <0.001A, ****p < 0.0001.
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Figure 5.13: ROS inhibitors synergise the antifibrotic effect of RARRES-1 in TGF-p
stimulated HSCs. LX-2 cells were transfected with RARRES-1 and treated with 4u8C for 2

hours before challenging with TGFp and expression of a-SMA was assessed (n=2). A)

138



Representative images for expression of o-SMA. B) Quantification of a-SMA upon
stimulation with TGF-f. Imaging was undertaken using Deltavision microscope and analysed
using image J. Values are represented as mean + SEM. Statistical difference between the
groups was measured by one-way ANOVA; multiple comparisons were corrected by

Boneferroni correction. *p < 0.05, **p <0.01, ***p <0.001A, ****p < 0.0001.
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For further confirmation, the expression of another fibrotic marker; COL1Al was also
assessed. To do this, Lx2 cells were transfected with RARRES-1 and treated with ROS
inhibitors as described above. The expression of COL1Al1 was measured by
immunofluorescence. Consistently, similar results were obtained upon treatment with various
ROS inhibitors: glutathione (Figure 5.14-Figure 5.15), Mito-TEMPO (Figure 5.16-Figure

5.17) and 4u8C (Figure 5.18-Figure 5.19).
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Figure 5.14: ROS inhibitors synergise the antifibrotic effect of RARRES-1 in

unstimulated HSCs. LX-2 cells were transfected with RARRES-1 plasmid and treated with
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glutathione for 2 hours and expression of COL1A1 was assessed (n=2). A) Representative
images for expression of COL1A1. B) Quantification of COL1ALl at baseline. Imaging was
undertaken using Deltavision microscope and analysed using image J. Values are represented
as mean + SEM. Statistical difference between the groups was measured by one-way
ANOVA; multiple comparisons were corrected by Boneferroni correction. *p < 0.05, **p <

0.01, ***p <0.001A, ****p <0.0001.
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Figure 5.15: ROS inhibitors synergise the antifibrotic effect of RARRES-1 in TGF-p
stimulated HSCs. LX-2 cells were transfected with RARRES-1 and treated with glutathione

for 2 hours before challenging with TGFp and expression of COL1A1 was assessed (n=2). A)
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Representative images for expression of COL1ALl. B) Quantification of COL1ALl upon
stimulation with TGF-p. Imaging was undertaken using deltavision microscope and analysed
using image J. Values are represented as mean + SEM. Statistical difference between the
groups was measured by one-way ANOVA; multiple comparisons were corrected by

Boneferroni correction.*p < 0.05, **p < 0.01, ***p < 0.001A, ****p <0.0001.
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Figure 5.16: ROS inhibitors synergise the antifibrotic effect of RARRES-1 in
unstimulated HSCs. LX-2 cells were transfected with RARRES-1 and treated with Mito-
TEMPO for 2 hours and expression of COL1Al was assessed (n=2). A) Representative

images for expression of COL1A1. B) Quantification of COL1A1 at baseline. Imaging was
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undertaken using Deltavision microscope and analysed using image J. Values are represented
as mean + SEM. Statistical difference between the groups was measured by one-way

ANOVA; multiple comparisons were corrected by Boneferroni correction. *p < 0.05, **p <

0.01, ***p < 0.001A, ****p < 0.0001.
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Figure 5.17: ROS inhibitors synergise the antifibrotic effect of RARRES-1 in TGF-p
stimulated HSCs. LX-2 cells were transfected with RARRES-1 and treated with Mito-

TEMPO for 2 hours before challenging with TGF-$3 and expression of COL1A1 was assessed
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(n=2). A) Representative images for expression of COL1AL. B) Quantification of COL1Al
upon stimulation with TGF-B. Imaging was undertaken using deltavision microscope and
analysed using image J. Values are represented as mean + SEM. Statistical difference
between the groups was measured by one-way ANOVA; multiple comparisons were

corrected by Boneferroni correction. *p <0.05, **p < 0.01, ***p < 0.001A, ****p < 0.0001.
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unstimulated HSCs. LX-2 cells transfected with RARRES-1 and treated with 4u8C for 2

hours and expression of COL1Al was assessed (n=2). A) Representative images for
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expression of COL1AL. B) Quantification of COL1A1 at baseline. Imaging was undertaken
using Deltavision microscope and analysed using image J. Values are represented as mean +
SEM. Statistical difference between the groups was measured by one-way ANOVA; multiple
comparisons were corrected by Boneferroni correction. *p < 0.05, **p < 0.01, ***p <

0.001A, ****p <0.0001.
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Figure 5.19: ROS inhibitors synergise the antifibrotic effect of RARRES-1 in TGF-p
stimulated HSCs. LX-2 cells were transfected with RARRES-1 and treated with 4u8C for 2

hours before challenging with TGF-p and expression of COL1Al was assessed (n=2). A)
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Representative images for expression of COL1ALl. B) Quantification of COL1ALl upon
stimulation with TGF-p. Imaging was undertaken using deltavision microscope and analysed
using image J. Values are represented as mean + SEM. Statistical difference between the
groups was measured by one-way ANOVA; multiple comparisons were corrected by

Boneferroni correction. *p < 0.05, **p <0.01, ***p <0.001A, ****p < 0.0001.
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5.2.5 NOX4 siRNA synergises the antifibrotic effect of RARRES-1

| have demonstrated the synergistic impact of various ROS inhibitors on the antifibrotic
effect of RARRES-1. However, these drugs might have also some unspecific effects rather
than ROS inhibition. NOX4 is a nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase. NADPH is a key source of ROS production [218-220]. Thus, for further
confirmation of the specificity of the findings | noticed, | then used NOX4 siRNA to

investigate how genetic ROS inhibition modulates the antifibrotic effect of RARRES-1.

To this end, LX-2 cells were double transfected with both RARRES-1 plasmid and NOX4
SiRNA for 48 hours and treated with or without TGF-$ for 24 hours. Consistently, silencing
of NOX4 augmented the reducing effect of RARRES-1 on a-SMA expression both at

baseline (Figure 5.20A-B) and upon TGF-f stimulation (Figure 5.21A-B).
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Figure 5.20: NOX4 silencing synergizes the antifibrotic effect of RARRES-1 in
unstimulated HSCs. LX-2 cells were transfected with RARRES-1 and NOX4 siRNA for 2

hours and expression of a-SMA was assessed (n=2). A) Representative images for expression
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of a-SMA. B) Quantification of a-SMA in baseline. Imaging was undertaken using
deltavision microscope and analysed using image J. Values are represented as mean + SEM.
Statistical difference between the groups was measured by one-way ANOVA; multiple
comparisons were corrected by Boneferroni correction. *p < 0.05, **p < 0.01, ***p <

0.001A, ****p <0.0001.
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Figure 5.21: NOX4 silencing synergizes the antifibrotic effect of RARRES-1 in TGF-$
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images for expression of a-SMA B) Quantification of a-SMA upon stimulation with TGF-f.
Imaging was undertaken using deltavision microscope and analysed using image J. Values
are represented as mean + SEM. Statistical difference between the groups was measured by
one-way ANOVA,; multiple comparisons were corrected by Boneferroni correction. *p <

0.05, **p < 0.01, ***p < 0.001A, ****p < 0.0001.
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Moving further, | investigated if the similar effect could be discerned on the expression of
COL1A1. Undertaking similar experiment as described above and measuring the expression
of COL1A1 using immunofluorescence. Similar results were obtained at baseline (Figure
5.22A-B) and upon TGF-f stimulation (Figure 5.23A-B).

Collectively these findings indicate that RARRES-1 produces its antifibrotic effect, at least

partially through regulation of ROS production.
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Figure 5.22: NOX4 siRNA synergizes the antifibrotic effect of RARRES-1 in
unstimulated HSCs. LX-2 cells were transfected with RARRES-1 and NOX4 siRNA for 2

hours and expression of COL1Al was assessed (n=2). A) Representative images for
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expression of COL1AL. B) Quantification of COL1A1 at baseline. Imaging was undertaken
using deltavision microscope and analysed using image J. Values are represented as mean +
SEM. Statistical difference between the groups was measured by one-way ANOVA; multiple
comparisons were corrected by Boneferroni correction. *p < 0.05, **p < 0.01, ***p <

0.001A, ****p <0.0001.
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Figure 5.23: NOX4 siRNA synergizes the antifibrotic effect of RARRES-1 in TGF-$
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images for expression of COL1ALl. B) Quantification of COL1A1 upon stimulation with
TGF-pB. Imaging was undertaken using Deltavision microscope and analysed using image J.
Values are represented as mean + SEM. Statistical difference between the groups was
measured by one-way ANOVA; multiple comparisons were corrected by Boneferroni

correction. *p < 0.05, **p <0.01, ***p < 0.001A, ****p <0.0001.
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5.3 Discussion

In the previous chapter, | reported that RARRESL1 produces antifibrotic effect by regulating
mitochondrial activity in terms of mitochondrial morphology, mitochondrial import, ATP
synthesis, mitochondrial turnover, mitochondrial ROS production, and the mitochondrial
membrane potential and ultimately reduces the expression of fibrotic markers. In this chapter,
| extended these findings and revealed that the underlying mechanism of the antifibrotic

effect of RARRES-1 is at least partially mediated by the regulation of ROS production.

To elaborate further, the results presented in this chapter indicated that RARRES-1 activation
reduces the generation of both cytoplasmic and mitochondrial ROS. Additionally, the data
presented in this chapter confirmed that the antifibrotic effect of RARRES-1 is reversed by
ROS inducers. This phenomenon might mocking the pathophysiological context that occurs
during liver fibrosis when a constant source of liver injury results in the loss of all protective
barriers and may cause uncontrolled ROS generation [221-223], attenuating RARRES1

expression, which ultimately causes further HSCs activation and liver fibrosis progression.

Interestingly, my results confirmed that RARRES-1 activation along with ROS inhibitors
synergistically reduced HSCs activation, as evidenced by the expression of various fibrotic
markers. This effect was confirmed using a multipronged approach involving the
administration of multiple pharmacological ROS inhibitors (glutathione, Mito-TEMPO and

4u8C) and complemented by genetic inhibitors (NOX4 siRNA).

TGF-B, which a key pro-fibrogenic cytokine promotes fibrosis via multiple mechanisms. One
of these effects is to increase the generation of ROS via regulation of NOX4 signalling
pathway [224] and to supress the antioxidant enzymes that develop redox imbalance.
Increased ROS cause liver damage, initiate fibrosis and disrupts oxidative stress. This

oxidative stress damages cellular proteins, lipids and DNA ultimately inducing inflammatory
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responses, apoptosis, and necrosis [225]. This ROS in turn activates TGF-p and hence form a

vicious cycle [226].

Herein, | demonstrated that RARRES1 breaks this vicious cycle as it reduces the ROS
generation in HSCs at both baseline and upon TGF- stimulation. Additionally, it attenuates
the pro-fibrotic effect of TGF-p and the synergistic effect of ROS on the pro-fibrotic effect of
TGF-B. Therefore, RARRES-1 represents an attractive therapeutic target for liver fibrosis that

can restore normal redox balance in cells and thereby halt liver fibrosis.

In conclusion, the results presented in this chapter indicated that RARRES-1 activation has an
antifibrotic effect that is at least partially mediated by the regulation of ROS generation.
However, whether other pathways and mechanisms might be involved in the anti-fibrotic
effect of RARRES-1 activation has yet to be determined, which I will explore in the next

chapters.
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Chapter Six: RARRES-1 regulates fibrosis
by regulating autophagy
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6.1 Introduction

Hepatic stellate cells (HSCs) are the primary cells involved in fibrosis. In the quiescent phase,
lipid droplets are normally present. During the activation phase, HSCs lose lipids [227], as
lipid droplets are used as energy for HSC activation and fibrosis. Both mitochondrial
metabolism and autophagy produce energy during fibrosis, which are closely linked

processes [228, 229].

Autophagy is a highly regulated catabolic pathway that maintains cellular homeostasis under
normal physiological conditions. However, during cellular stress, autophagy induces the
degradation of intracellular lipid droplets (LDs) through a process called lipophagy [101,

230].

Autophagy facilitates liver fibrosis by providing the energy required to activate
myofibroblasts and fuel the pathways of cell proliferation, extracellular matrix secretion, and
cellular contractility via lipid droplet mobilization, free fatty acid release, and mitochondrial

B-oxidation [101, 144, 230-233].

During fibrosis, TGF-B1 activates autophagy-related proteins that promote HSCs to initiate
autophagy and accelerate liver fibrosis [234]. Similarly, in an in vivo mouse model, liver
fibrosis was shown to be associated with increased formation of autophagosomes and
autophagic vacuoles and increased autophagic flux [101]. Consequently, various autophagy

inhibitors have been found to reduce HSC activation and liver fibrosis [235].

The process of autophagy involves different stages, including phagophore formation,
nucleation, elongation, autophagosome formation (sequestration) and autolysosome
formation (degradation). Mitochondria and autophagy have bidirectional connections, and
both processes are sources of energy. Mitochondria produce energy and are also the main
source of ROS [194, 236]. However, ROS generation initiates autophagy and increases
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autophagic flux during liver fibrosis [237, 238]. Autophagy determines the mitochondrial
number and function through mitophagy. Mitophagy selectively degrades mitochondria
[239]. Autophagy degrades lipids to produce free fatty acids. Mitochondria oxidize fatty acids

to produce energy [229].

In the previous chapters, | showed that RARRES-1 regulates the mitochondrial metabolism
and the generation of ROS during HSCs activation. Therefore, | hypothesize that the
activation of RARRES-1 might also regulate autophagy. This regulation of autophagy could
subsequently preserve lipid droplets, leading to a reduction in energy release and ultimately
resulting in the observed anti-fibrotic effect of RARRES-1. In this chapter, | will investigate
whether RARRES-1 activation regulates autophagy and, if so, whether RARRES-1 activation

is one of the mechanisms underlying the antifibrotic effect of RARRES-1.

Therefore, 1 will investigate the effects of RARRESL on the different stages of autophagy, as

depicted in Figure 6.1, as follows:

e Impact of RARRES-1 on autophagosomal morphology
e Impact of RARRES-1 on the various stages of

1. Autophagy initiation

2. Autophagy nucleation

3. Autophagy elongation

4. Autophagy sequestration

5. Autophagy degradation
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Figure 6.1 Schematic model of the design of experiments in this chapter exploring the
effect of RARRESL on the different stages of autophagy.
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6.2 Results

6.2.1 RARRES-1 activation modulates autophagosomal morphology

During HSCs activation and liver fibrosis, HSCs undergo increased state of autophagy [235]
and autophagosomal changes including increased formation of doubled membrane

autophagosomes during liver fibrosis [240, 241].

To investigate the impact of RARRES-1 activation on autophagosomal morphology. LX-2
cells were transfected with RARRES-1 for 48 hours and stimulated with TGF-p for 24 hours.
Analysis was then undertaken using transmission electron microscope. Formation of double
membraned autophagosomes is observed upon TGF-B stimulation (Figure 6.2A-E). Images
obtained from TEM has shown that RARRES-1 reversed the TGF-p induced increase in
autophagosomal perimeter, area, and length. The analysis suggested that RARRES-1

regulates autophagosomal morphology.
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Figure 6.2: RARRES-1 activation preserves autophagosomal morphology in TGF-p
stimulated HSCs. LX-2 cells transfected with RARRES-1 plasmid and control before
challenging with TGF-p for 24 hours and TEM was undertaken to investigate the
autophagosomal morphology. Representative images (Scale bar 5.0um) for A) control B)
RARRES-1 transfected LX-2 cells. Quantification for C) autophagosomal perimeter, D)
autophagosomal Area and E) autophagosomal Length. Measurements were undertaken using
the Jeol SightX image viewer software (n=162 and 507 in RARRES-1 transfected cells and
control, respectively). Values are represented as mean + SEM. Statistical difference between
the groups was measured by one sample Wilcoxon test.*p < 0.05, **p < 0.01, ***p < 0.001,

*xn < 0,0001.

171



6.2.2 RARRES-1 activation reduces the autophagy initiation in HSCs

During HSC activation, TGF-f increases the expression of autophagy [242]. To investigate if
RARRES-1 regulates the different stages of autophagy. I started with the investigation of the
impact of RARRES-1 on the initiation phase of autophagy by measuring the expression level

of ATG-5, ATG-12, LC3 & beclin (well-established autophagy markers).

LX-2 cells were transfected with RARRES-1 for 48 hours, with and without TGF-p
stimulation for 24 hours. Immunofluorescence was undertaken to assess the expression level
of these markers. Results have shown that RARRES-1 activation consistently decreases the
expression of these four autophagy markers: ATG-5 (Figure 6.3A-B), ATG-12 (Figure
6.4A-B), LC3 (Figure 6.5A-B) and Beclin (Figure 6.6A-B) both at baseline and upon

stimulation with TGFp.
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Figure 6.3: RARRES-1 activation reduces the expression of ATG-5. A) Representative

images for the expression of ATG-5, with or without TGF-f stimulation (n=2). B)
Quantification for the expression of ATG-5. Imaging was undertaken using deltavision
microscope and analysed using image J. Values are represented as mean + SEM. Statistical
difference between the groups was measured by 2- tailed Student’s t test. *p < 0.05, **p <

0.01, ***p < 0.001A, ****p <0.0001
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Figure 6.4: RARRES-1 activation reduces the expression of ATG-12. A) Representative
images for the expression of ATG-12, with or without TGF-B stimulation (n=2). B)
Quantification for the expression of ATG-12. Imaging was undertaken using Deltavision
microscope and analysed using image J. Values are represented as mean + SEM. Statistical
difference between the groups was measured by 2- tailed Student’s t test. *p < 0.05, **p <

0.01, ***p <0.001A, ****p < 0.0001.
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Figure 6.5: RARRES-1 activation reduces the expression of LC3. A) Representative
images for the expression of LC3, with or without TGF-B stimulation (n=2). B)
Quantification for the expression of LC3. Imaging was undertaken using Deltavision
microscope and analysed using image J. Values are represented as mean + SEM. Statistical
difference between the groups was measured by 2- tailed Student’s t test. *p < 0.05, **p <

0.01, ***p <0.001A, ****p < 0.0001.
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Figure 6.6: RARRES-1 activation reduces the expression of Beclin. A) Representative
images for the expression of Beclin, with or without TGF-B stimulation (n=2). B)
Quantification for the expression of Beclin. Imaging was undertaken using deltavision
microscope and analysed using image J. Values are represented as mean + SEM. Statistical
difference between the groups was measured by 2- tailed Student’s t test. *p < 0.05, **p <

0.01, ***p <0.001A, ****p < 0.000
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6.2.3 RARRES-1 activation reduces the autophagic flux

I next investigated the effect of RARRES-1 on autophagy flux. The p62 protein plays a role
in breaking down misfolded proteins. It directly binds to LC3 and transports the misfolded
proteins for degradation through autophagy. Additionally, p62 itself is degraded through this

process and is considered as a marker of autophagic flux [243, 244].

Thus, | next investigated the effect of RARRES-1 activation on the expression of p62 protein
through Enzyme linked immunosorbent Assay (ELISA). A significant increase in the
expression of p62 proteins as compared to control was observed, which implies that
RARRES-1 preserves p62 protein and correspondence decrease in autophagy should occur

(Figure 6.7).

60 -

40 -

20

P62 ng/10ug protein

Control RARRES-1

Figure: 6.7 RARRES-1 activation preserves p62 protein. LX-2 cells were transfected with
RARRES-1 and control for 48 hours. Supernatant was tested for the expression of p62
proteins using manufacturer’s protocol for enzyme-linked immunosorbent assay (ELISA). *p

<0.05, **p < 0.01, ***p < 0.001A, ****p < 0.0001.
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To further confirm the effect of RARRES-1 on the modulation of autophagic flux (Formation
of autophagosomes and autolysosomes), | next used Premo autophagy tandem sensor RFP-
GFP-LC3B kit, which utilises BacMem virus that matures autophagosomes to lysosomes and
increases the delivery of LC3 to autolysosomes. Then, | undertook a tandem fluorescent-
tagged LC3 assay based on the difference in pKa values between red fluorescent protein
(RFP) and green fluorescent protein (GFP) to distinguish non-degradative(GFP+RFP+) and
degradative (GFP—RFP+) autophagic structures. Image analysis has shown that RARRES-1
activation significantly reduces the formation of autophagosomes and autolysosomes (Figure
6.8A-C). However, this effect was observed to be more pronounced on formation of

autolysosomes than autophagosomes.
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Figure 6.8: RARRES-1 modulates autophagic flux in HSCs. A) Representative images for
the expression of autophagosomes and autolysosomes (n=2). B) Quantification for the
formation of autophagosomes with or without TGF-$ stimulation. C) Quantification for the
formation of autolysosomes with or without TGF-B stimulation. Immunofluorescence using
deltavision microscope was undertaken. Image analysis was done using image J. Values are
represented as mean + SEM. Statistical difference between the groups was measured by 2-

tailed Student’s t test. *p < 0.05, **p <0.01, ***p <0.001A, ****p < 0.0001.
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6.2.4 RARRES-1 activation reduces the formation of lysosomes.

To investigate further if RARRES activation regulates other stages of autophagy as well, |
then investigated the effect of RARRES-1 activation on lysosomes formation. LX-2 cells
were transfected with RARRES-1 plasmid for 48 hours and stimulated with TGF-B for 24
hours. Live cell imaging using deltavision microscope was undertaken to investigate the
formation of lysosomes using red fluorescent dye Lysotracker™ Red DND-99. Image
analysis has confirmed that RARRES-1 activation in LX-2 cells significantly reduces the

formation of lysosomes (Figure 6.9 A-B).
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Figure 6.9: RARRES-1 activation reduces the formation of lysosomes. A) Representative
images for the expression of lysotracker, with or without stimulation with TGF-f (n=2). B)
Quantification for the expression of lysosomes. Image analysis was undertaken using image
J. Values are represented as mean + SEM. Statistical difference between the groups was

measured by 2- tailed Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001A, ****p <0.0001.
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6.2.5 RARRES-1 activation regulates the formation of lysosomes and autophagy.

Moving further, | opted to investigate if RARRES-1 activation simultaneously attenuates
more than one stages of autophagy. To investigate it, | have undertaken immunofluorescence
double staining for lysotracker and LC3. LX-2 cells were transfected with RARRES-1 for 48
hours and stimulated with TGF-B for 24 hours. At the end of final treatment, LX-2 cells were
stained with LC3 antibody (for the expression of autophagy) and lysotracker stain (for the
formation of lysosomes). Image analysis has shown that RARRES-1 activation reduces not
only the formation of lysosomes but also decreases the expression of LC3, both at baseline

(Figure 6.10A-B) and upon TGF-p stimulation (Figure 6.11).
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Figure 6.10: RARRES-1 activation reduces the formation of lysosomes and autophagy

in unstimulated HSCs. LX-2 cells were transfected with RARRES-1 for 48 hours and
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expression of lysotracker and LC3 was assessed (n=2). A) Representative images for the
expression of lysotracker (red fluorescence) and LC3 (green fluorescence). B) Quantification
of lysotracker and LC3 at baseline. Image analysis was undertaken using image J. Values are
represented as mean + SEM. Statistical difference between the groups was measured by 2-

tailed Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001A, ****p < 0.0001.
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Figure 6.11: RARRES-1 activation reduces the formation of lysosomes and autophagy
in TGF-p stimulated HSCs. LX-2 cells were transfected with RARRES-1 for 48 hours and
treated with TGF-B for 24 hours (n=2). Quantification of lysotracker (red fluorescence) and
LC3 (green fluorescence) upon stimulation with TGF-p. Image analysis was undertaken
using image J. Values are represented as mean + SEM. Statistical difference between the
groups was measured by 2- tailed Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001A,

****p < 0.0001.
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6.2.6 RARRES-1 activation preserves cell lipids

Myofibroblast activation is an intense energy requiring process. During fibrosis, HSCs lose
lipid droplets to fuel HSCs activation [245]. Autophagy causes loss of lipid droplets [101].
Therefore, | further investigated the effect of RARRES-1 activation on preservation of HSCs
lipids. LX-2 cells were transfected with RARRES-1 for 48 hours and stimulated with TGF-
for 24 hours. Two different stains BODIPY and Oil red (markers of cell lipid) were used in
two independent experiments. RARRES-1 activation significantly increases the preservation
of lipid droplets which is manifested by the expression of BODIPY (Figure 6.12A-B) and

Oil red (Figure 6.13A-B).
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Figure 6.12: RARRES-1 activation preserves the expression of Bodipy (n=2). A)
Representative images for expression of BODIPY in RARRES-1 transfected LX-2 cells, with
or without TGF-p stimulation. B) Quantification for BODIPY. Image analysis was
undertaken using image J. Values are represented as mean + SEM. Statistical difference
between the groups was measured by 2- tailed Student’s t test. *p < 0.05, **p < 0.01, ***p <

0.001A, ****p < 0.0001.
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Figure 6.13: RARRES-1 activation preserves the expression of oil red. A) Representative

images for expression of oil red, with or without TGF- stimulation. B) Quantification for oil

red. Image analysis was undertaken using image J. Values are represented as mean + SEM.

Statistical difference between the groups was measured by 2- tailed Student’s t test. *p <

0.05, **p < 0.01, ***p < 0.001A, ****p < 0.0001.
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6.2.7 RARRES-1 activation preserves cell lipids and reduce autophagy

After confirming RARRES-1 activation preserves cell lipid, | further investigated if this
preservation of cell lipids is due to inhibition of autophagy. To investigate that, | transfected
LX-2 cells with RARRES-1 plasmid for 48 hours and treated with TGF-f for 24 hours. Cells
were washed, and double staining was done to investigate co-localization of BODIPY (a
marker of cell lipids) with LC3 (indicator of autophagy). RARRES-1 activation not only
preserved lipid droplets, but it also reduced the expression of LC3 (Figure 6.14A-B) at
baseline and upon stimulation with TGF-B (Figure 6.15). Which indicates that this

preservation of lipid droplet is via the inhibition of autophagy.
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Figure 6.14: RARRES-1 activation attenuates the expression of cell lipids and LC3 in
unstimulated HSCs (n=2). A) Representative images for the expression of BODIPY (green
fluorescence) and LC3 (Red fluorescence). B) Quantification for the expression of BODIPY
and LC3. Values are represented as mean + SEM. Statistical difference between the groups
was measured by 2- tailed Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001A, ****p <

0.0001.
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Figure 6.15: RARRES-1 activation attenuates the expression of cell lipids and LC3 in
TGF-p stimulated HSCs. Quantification for the expression of bodipy and LC3 upon TGF-
stimulation (n=2). Values are represented as mean + SEM. Statistical difference between the
groups was measured by 2- tailed Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001A,

*x < 0,0001.
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6.2.8 Effect of autophagy modulation on antifibrotic effect of RARRES-1

After confirming that RARRES-1 activation has a regulatory effect on different stages of
autophagy in activated HSCs and attenuates autophagy-induced HSC’s lipid loss, | further
investigated whether these effects could be one of the mechanisms antifibrotic effects of
RARRES-1's. To evaluate this, | designed a series of experiments to examine RARRES-1's

antifibrotic effect upon modulation of autophagy levels by either inducers or and inhibitors.
6.2.8.1 Autophagy inducers reverse the antifibrotic effect of RARRES-1

To induce autophagy, two specific plasmids ATG-12 and LC3 were used and their impact on
the antifibrotic effect of RARRES-1 in HSCs cells were evaluated, as depicted in Figure

6.16.
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Figure 6.16: Schematic diagram of the autophagy inducers experiments.
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6.2.8.1.1 LC3 plasmid reverses the antifibrotic effect of RARRES-1

To investigate the effect of LC3 activation on the antifibrotic effect of RARRES-1, | have
undertaken a double transfection of LX-2 cells with RARRES-1 plasmid and LC3 plasmid
for 48 hours with or without TGF-B treatment for 24 hours. Cells were then stained for the
expression of a-SMA, a robust fibrotic marker. Image analysis has shown that as expected
RARRES-1 activation led to a significant attenuation of a-SMA expression, an effect was
reversed by LC3 activation both at baseline (Figure 6.17A-B) and upon stimulation with

TGF-p (Figure 6.18A-B).
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Figure 6.17: LC3 plasmid reverse the antifibrotic effect of RARRES-1 in unstimulated

HSCs. LX-2 cells transfected with RARRES-1 plasmid and LC3 plasmid for 48 and

194



expression of LC3 was assessed (n=2). A) Representative images for expression of a-SMA.
B) Quantification of a-SMA at baseline. Imaging was undertaken using deltavision
microscope and analysed using image J. Values are represented as mean + SEM. Statistical
difference between the groups was measured by one-way ANOVA,; multiple comparisons

were corrected by Boneferroni correction. *p < 0.05, **p < 0.01, ***p < 0.001A, ****p <

0.0001.
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Figure 6.18: LC3 plasmid reverse the antifibrotic effect of RARRES-1 in TGF-p
stimulated HSCs. LX-2 cells transfected with RARRES-1 plasmid and LC3 plasmid for 48
and treated with TGF-B for 24 hours. Expression of LC3 was assessed (n=2). A)
Representative images for expression of a-SMA. B) Quantification of a-SMA upon TGF-$3
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stimulation. Imaging was undertaken using deltavision microscope and analysed using image
J. Values are represented as mean + SEM. Statistical difference between the groups was
measured by one-way ANOVA; multiple comparisons were corrected by Boneferroni

correction. *p < 0.05, **p <0.01, ***p < 0.001A, ****p <0.0001.
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6.2.8.1.2 ATG-12 plasmid will reverse the antifibrotic effect of RARRES-1

For further confirmation that autophagy inducers reverse the antifibrotic effect of RARRES-
1, 1 have used another autophagy plasmid, namely ATG-12. | have undertaken double
transfection of LX-2 cells with RARRES-1 plasmid and ATG-12 plasmid for 48 hours, with
or without TGF-B treatment for 24 hours. Image analysis was undertaken using
immunofluorescence and image J. Consistent results were obtained both at baseline (Figure

6.19A-B) and upon stimulation with TGF-p (Figure 6.20A-B).
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Figure 6.19: ATG-12 plasmid reverses the antifibrotic effect of RARRES-1 in
unstimulated HSCs. LX-2 cells transfected with RARRES-1 plasmid and ATG-12 plasmid

for 48 and expression of a-SMA was assessed (n=2). A) Representative images for
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expression of a-SMA. B) Quantification of a-SMA at baseline. Imaging was undertaken
using deltavision microscope and analysed using image J. Values are represented as mean +
SEM. Statistical difference between the groups was measured by one-way ANOVA; multiple
comparisons were corrected by Boneferroni correction. *p < 0.05, **p < 0.01, ***p <

0.001A, ****p <0.0001.
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Figure 6.20: ATG-12 plasmid reverses the antifibrotic effect of RARRES-1 in TGF-p

stimulated HSCs. LX-2 cells transfected with RARRES-1 plasmid and ATG-12 plasmid for
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48 and treated with TGF-p for 24 hours. Expression of a-SMA was assessed (n=2). A)
Representative images for expression of a-SMA. B) Quantification of a-SMA upon TGF-
stimulation. Imaging was undertaken using deltavision microscope and analysed using image
J. Values are represented as mean + SEM. Statistical difference between the groups was
measured by one-way ANOVA; multiple comparisons were corrected by Boneferroni

correction. *p < 0.05, **p <0.01, ***p < 0.001A, ****p <0.0001.
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6.2.8.2 Autophagy inhibitors synergise the antifibrotic effect of RARRES-1

For further confirmation that the antifibrotic effect of RARRES-1 is via regulation of
autophagy, | opted to investigate the reverse approach and evaluated how autophagy
inhibitors modulate the antifibrotic effect of RARRES-1. To this end, different autophagy
inhibitors (both chemical and genetic inhibitors of autophagy) have been used to test this

hypothesis, as depicted in Figure 6.21.
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Figure 6.21: Schematic diagram of the autophagy inhibitors experiments.
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6.2.8.2.1 Chemical Inhibitors

First, 1 investigated the effect of autophagy inhibitors or the antifibrotic effect of RARRES-
1. For this I transfected LX-2 cells with the RARRES-1 plasmid for 48 hours and treated
with different autophagy inhibitors, namely chloroquine diphosphate (autophagosome and
lysosomes fusion inhibitor) [246], MRT68921 dihydrochloride (ULK1 and ULK2 kinase
inhibitor) [247] and Bafilomycin (lysosomal acidification inhibitor) [248], 2 hours before
challenging with or without TGF-B. The expression of LC3 was measured by
immunofluorescence, to confirm the inhibition of autophagy. Consistently, all used
autophagy inhibitors: chloroquine diphosphate (Figure 6.22 and Figure 6.23), MRT68921
dihydrochloride (Figure 6.24 and Figure 6.25) and Bafilomycin (Figure 6.26 and Figure
6.27) led to the expected reduction in the expression of LC3 both in the presence and

absence of RARRESI transfection.
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Figure 6.22: Chloroquine diphosphate synergises the antifibrotic effect of RARRES-1 in
unstimulated HSCs. LX-2 cells transfected with RARRES-1 plasmid and treated with
chloroquine diphosphate for 2 hours and expression of LC3 was assessed (n=2). A)
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Representative images for expression of LC3. B) Quantification of LC3 at baseline. Imaging
was undertaken using deltavision microscope and analysed using image J. Values are
represented as mean + SEM. Statistical difference between the groups was measured by one-
way ANOVA,; multiple comparisons were corrected by Boneferroni correction. *p < 0.05,

**p < 0.01, ***p < 0.001A, ****p < 0.0001.
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Figure 6.23: Chloroquine diphosphate synergises the antifibrotic effect of RARRES-1 in

stimulated HSCs. LX-2 cells transfected with RARRES-1 and treated with chloroquine
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diphosphate for 2 hours before challenging with TGF-§ and expression of LC3 was assessed
(n=2). A) Representative images for expression of LC3. B) Quantification of LC3 upon
stimulation with TGF-f. Imaging was undertaken using deltavision microscope and analysed
using image J. Values are represented as mean + SEM. Statistical difference between the
groups was measured by one-way ANOVA; multiple comparisons were corrected by

Boneferroni correction. *p < 0.05, **p <0.01, ***p <0.001A, ****p < 0.0001.
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Figure 6.24: MRT68921 dihydrochloride synergises the antifibrotic effect of RARRES-

1 in unstimulated HSCs. LX-2 cells transfected with RARRES-1 plasmid and treated with
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MRT68921 dihydrochloride for 2 hours and expression of LC3 was assessed (n=2). A)
Representative images for expression of LC3. B) Quantification of LC3 at baseline. Imaging
was undertaken using deltavision microscope and analysed using image J. Values are
represented as mean £ SEM. Statistical difference between the groups was measured by one-
way ANOVA,; multiple comparisons were corrected by Boneferroni correction. *p < 0.05,

**p < 0.01, ***p < 0.001A, ****p < 0.0001.
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Figure 6.25: MRT68921 dihydrochloride synergises the antifibrotic effect of RARRES-1
in stimulated HSCs. LX-2 cells transfected with RARRES-1 and treated with MRT68921

dihydrochloride for 2 hours before challenging with TGF- and expression of LC3 was
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assessed (n=2). A) Representative images for expression of LC3. B) Quantification of LC3
upon stimulation with TGF-B. Imaging was undertaken using deltavision microscope and
analysed using image J. Values are represented as mean + SEM. Statistical difference
between the groups was measured by one-way ANOVA; multiple comparisons were

corrected by Boneferroni correction. *p < 0.05, **p < 0.01, ***p < 0.001A, ****p < 0.0001.
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Figure 6.26: Bafilomycin synergises the antifibrotic effect of RARRES-1 in
unstimulated HSCs. LX-2 cells transfected with RARRES-1 plasmid and treated with

MRT68921 dihydrochloride for 2 hours and expression of LC3 was assessed (n=2). A)
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Representative images for expression of LC3. B) Quantification of LC3 at baseline. Imaging
was undertaken using deltavision microscope and analysed using image J. Values are
represented as mean + SEM. Statistical difference between the groups was measured by one-
way ANOVA,; multiple comparisons were corrected by Boneferroni correction. *p < 0.05,

**p < 0.01, ***p < 0.001A, ****p < 0.0001.
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Figure 6.27: Bafilomycin synergises the antifibrotic effect of RARRES-1 in stimulated
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images for expression of LC3. B) Quantification of LC3 upon stimulation with TGF-p.
Imaging was undertaken using deltavision microscope and analysed using image J. Values
are represented as mean + SEM. Statistical difference between the groups was measured by
one-way ANOVA,; multiple comparisons were corrected by Boneferroni correction. *p <

0.05, **p < 0.01, ***p < 0.001A, ****p < 0.0001.
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After confirmation the effect of autophagy inhibitors on the attenuation of autophagy, | next
investigated their impact on the antifibrotic effect of RARRES-1. LX-2 cells were transfected
with  RARRES-1 for 48 hours and treated with autophagy inhibitors (chloroquine
diphosphate, MRT68921 dihydrochloride and Bafilomycin) for 2 hours before challenging

with or without TGF- for 24 hours and the expression of a-SMA was measured.

Results has shown a synergistic reduction in the expression of a-SMA in LX-2 cells
transfected with RARRES-1 and treated with chloroquine diphosphate (Figure 6.28 and
Figure 6.29), MRT68921 dihydrochloride (Figure 6.30 and Figure 6.31) and Bafilomycin

(Figure 6.32 and Figure 6.33).
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Figure 6.28: Chloroquine diphosphate synergises the antifibrotic effect of RARRES-1 in
unstimulated HSCs. LX-2 cells transfected with RARRES-1 plasmid and treated with

chloroquine diphosphate for 2 hours and expression of a-SMA was assessed (n=2). A)
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Representative images for expression of a-SMA. B) Quantification of a-SMA at baseline.
Imaging was undertaken using deltavision microscope and analysed using image J. Values
are represented as mean + SEM. Statistical difference between the groups was measured by
one-way ANOVA,; multiple comparisons were corrected by Boneferroni correction. *p <

0.05, **p < 0.01, ***p < 0.001A, ****p < 0.0001.

219



A Merged

o
c
o
O

0

e

®
N\
n
L
o
o
<
ha
E
c
@)

~| o

X

0

e

&

RARRES-1

[l control ] RARRES-1

%k 3k %k %k

2%107= * % K K

—

SMA)

N.5x107=

1x107=

5x106=

Floresence Intensity

(Expression of a

ChD(-) ChD(+)

Figure 6.29: Chloroquine diphosphate synergises the antifibrotic effect of RARRES-1 in

stimulated HSCs. LX-2 cells transfected with RARRES-1 and treated with chloroquine
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diphosphate for 2 hours before challenging with TGF-B and expression of a-SMA was
assessed (n=2). A) Representative images for expression of a-SMA. B) Quantification of a-
SMA upon stimulation with TGF-B. Imaging was undertaken using deltavision microscope
and analysed using image J. Values are represented as mean = SEM. Statistical difference
between the groups was measured by one-way ANOVA; multiple comparisons were

corrected by Boneferroni correction. *p <0.05, **p <0.01, ***p < 0.001A, ****p < 0.0001.

221



DAPI a-SMA Merged
§ .
c
o
(&)
|_
24
=
-
N
L
o
o
<
o
E
c
@]
1o
N
|_
a4
=
-
%)
L
o4
o4
<
vd

B M control Jll RARRES-1
%k %k %k
% %k k

8x106=

23

2! 6x100

Lo

£%

8 5 4x106-

20

[T

23

2 5 2x106

o

T

MRT(-) MRT(+)
Figure 6.30: MRT68921 dihydrochloride synergises the antifibrotic effect of RARRES-1
in unstimulated HSCs. LX-2 cells transfected with RARRES-1 plasmid and treated with
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Representative images for expression of a-SMA. B) Quantification of a-SMA at baseline.
Imaging was undertaken using deltavision microscope and analysed using image J. Values
are represented as mean + SEM. Statistical difference between the groups was measured by
one-way ANOVA,; multiple comparisons were corrected by Boneferroni correction. *p <

0.05, **p < 0.01, ***p < 0.001A, ****p < 0.0001.
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Figure 6.31: MRT68921 dihydrochloride synergises the antifibrotic effect of RARRES-1
in stimulated HSCs. LX-2 cells transfected with RARRES-1 and treated with MRT68921

dihydrochloride for 2 hours before challenging with TGF-f and expression of a-SMA was
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assessed (n=2). A) Representative images for expression of a-SMA. B) Quantification of a-
SMA upon stimulation with TGF-B. Imaging was undertaken using deltavision microscope
and analysed using image J. Values are represented as mean = SEM. Statistical difference
between the groups was measured by one-way ANOVA; multiple comparisons were

corrected by Boneferroni correction. *p < 0.05, **p < 0.01, ***p < 0.001A, ****p < 0.0001.
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Figure 6.32: Bafilomycin synergises the antifibrotic effect of RARRES-1 in
unstimulated HSCs. LX-2 cells transfected with RARRES-1 plasmid and treated with

bafilomycin for 2 hours and expression of a-SMA was assessed (n=2). A) Representative
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images for expression of a-SMA. B) Quantification of a-SMA at baseline. Imaging was
undertaken using deltavision microscope and analysed using image J. Values are represented
as mean + SEM. Statistical difference between the groups was measured by one-way
ANOVA; multiple comparisons were corrected by Boneferroni correction. *p < 0.05, **p <

0.01, ***p <0.001A, ****p < 0.0001.
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Figure 6.33: Bafilomycin synergises the antifibrotic effect of RARRES-1 in stimulated
HSCs. LX-2 cells transfected with RARRES-1 and treated with bafilomycin for 2 hours
before challenging with TGF-f and expression of o-SMA was assessed (n=2). A)

Representative images for expression of a-SMA. B) Quantification of o-SMA upon
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stimulation with TGF-p. Imaging was undertaken using deltavision microscope and analysed
using image J. Values are represented as mean + SEM. Statistical difference between the
groups was measured by one-way ANOVA; multiple comparisons were corrected by

Boneferroni correction. *p < 0.05, **p <0.01, ***p < 0.001A, ****p < 0.0001.

229



6.2.8.2.2 Autophagy genetic inhibitors

| have demonstrated that chemical inhibitor of autophagy synergises the antifibrotic effect of
RARRES-1. Since these drugs may have nonspecific effects other than autophagy inhibition,
for further confirmation I used genetic inhibitors, namely LC3 siRNA and ATG-12 siRNA, to
further confirm the specificity of the inhibition of autophagy. | have done double transfection
with RARRES-1 and LC3 siRNA for 48 hours, with or without TGF-f stimulation for 24
hours. The analysis of my experiment confirmed that RARRES-1 activation accompanied
with LC3 silencing have a synergistic antifibrotic effect, as shown by reducing the expression

of a-SMA both at (Figure 6.34A-B) and upon TGF- stimulation (Figure 6.35A-B).
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Figure 6.34: LC3 silencing synergizes the antifibrotic effect of RARRES-1 in
unstimulated HSCs. LX-2 cells were transfected with RARRES-1 and LC3 siRNA for 2

hours and expression of a-SMA was assessed (n=2). A) Representative images for expression
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of a-SMA. B) Quantification of o-SMA at baseline. Imaging was undertaken using
deltavision microscope and analysed using image J. Values are represented as mean + SEM.
Statistical difference between the groups was measured by one-way ANOVA; multiple
comparisons were corrected by Boneferroni correction. *p < 0.05, **p < 0.01, ***p <

0.001A, ****p <0.0001.

232



DAPI a-SMA Merged

E
=

—~ o

Ol e

<

pd

o

(7

3| =

Y 0!
L
o
o
<
o
°
=

z| 8

<

pd

o

‘»

™

bl I

ol %
L
o
o
<E..-
o

M control [l RARRES-1

% %k %k

%k % %k

3x107=

2x107+

1x107+

Floresence Intensity
(Expression of a-SMA)

LC-3 siRNA(-) LC-3 siRNA(+)

Figure 6.35: LC3 silencing synergizes the antifibrotic effect of RARRES-1 in TGF-p

stimulated HSCs. LX-2 cells were transfected with RARRES-1 and LC3 siRNA before
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challenging with TGF-p and expression of a-SMA was assessed (n=2). A) Representative
images for expression of a-SMA. B) Quantification of a-SMA upon stimulation with TGF-f.
Imaging was undertaken using deltavision microscope and analysed using image J. Values
are represented as mean + SEM. Statistical difference between the groups was measured by
one-way ANOVA,; multiple comparisons were corrected by Boneferroni correction. *p <

0.05, **p < 0.01, ***p < 0.001A, ****p < 0.0001.
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For further confirmation that the discerned effect is not gene or siRNA specific, | used
another one, ATG-12 siRNA. For this, LX-2 cells were double transfected with both
RARRES-1 plasmid and ATG-12 siRNA for 48 hours and treated with or without TGF-f for
24 hours. Consistently, RARRES-1 activation reduces the expression of a-SMA (antifibrotic
marker) both at baseline and upon TGF-f stimulation. However, the double transfection of
RARRES-1 and ATG-12 siRNA produces synergistic inhibition in the expression of a-SMA
both at baseline (Figure 6.36A-B) and upon TGF-f stimulation (Figure 6.37A-B).
Collectively these findings indicate that RARRES-1 produces its antifibrotic effect through

the regulation of autophagy at various stages.
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Figure 6.36: ATG-12 silencing synergizes the antifibrotic effect of RARRES-1 in
unstimulated HSCs. LX-2 cells were transfected with RARRES-1 and ATG-12 siRNA for 2
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hours and expression of a-SMA was assessed (n=2). A) Representative images for expression
of a-SMA. B) Quantification of a-SMA in baseline. Imaging was undertaken using
deltavision microscope and analysed using image J. Values are represented as mean + SEM.
Statistical difference between the groups was measured by one-way ANOVA; multiple
comparisons were corrected by Boneferroni correction. *p < 0.05, **p < 0.01, ***p <

0.001A, ****p <0.0001.
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Figure 6.37: ATG-12 silencing synergizes the antifibrotic effect of RARRES-1 in TGF-p
stimulated HSCs. LX-2 cells were transfected with RARRES-1 and ATG-12 siRNA before

challenging with TGF-p and expression of a-SMA was assessed (n=2). A) Representative

238



images for expression of a-SMA. B) Quantification of a-SMA upon stimulation with TGF-f.
Imaging was undertaken using deltavision microscope and analysed using image J. Values
are represented as mean + SEM. Statistical difference between the groups was measured by
one-way ANOVA,; multiple comparisons were corrected by Boneferroni correction. *p <

0.05, **p < 0.01, ***p < 0.001A, ****p < 0.0001.
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6.3 Discussion

In the previous chapters, | reported that RARRES-1 exerts antifibrotic effects by reducing
mitochondrial activity and the generation of ROS. In this chapter, | extended these findings
and confirmed that RARRES-1 regulates autophagy and its downstream pathways. Overall, |
showed that RARRES-1 reduces fibrosis by regulating two key processes involved in energy

release, a key prerequisite for HSC activation and liver fibrosis progression.

An intertwined and bidirectional interaction exists between autophagy and mitochondrial
function, which is implicated in HSCs activation. Various studies of human and animal
models have shown that TGF-p increases autophagy [242]. TGF-B has been reported to
increase the expression of LC-11/1 in HSCs [249] and increase the generation of ROS that
further induce autophagy, which promotes HSCs activation and liver fibrosis [237, 250]. On
the other hand, autophagy has been reported to increase mitochondrial ROS generation [251,
252]. Additionally, autophagy promotes liver fibrosis directly by inducing the loss of lipid
droplets in HSCs to fuel myofibroblast activation and increase the energy demand of the cells
[253]. Here, | showed that RARRES-1 activation disrupts this vicious cycle and reverses the

activation of HSCs.

In this chapter, the data confirmed that RARRES-1 activation represses the process of
autophagy at various levels. It regulates the morphological changes in autophagosomes under
fibrotic conditions. Additionally, RARRES-1 activation reduces the expression of the
autophagy-related proteins ATG-5, ATG-12, LC3, and Beclin, which are involved in
initiating the process of autophagy. These results also indicate that RARRES-1 activation
preserves the p62 protein, which indicates a reduction in autophagy. Furthermore, RARRES-
1 activation regulates autophagic flux by reducing the formation of autophagosomes and

autolysosomes.
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The findings also confirmed that RARRES-1 activation regulates the formation of lysosomes
during fibrosis. The expanded work using double staining revealed that RARRES-1
activation collectively reduces the formation of lysosomes and the expression of the LC3

marker, indicating parallel stages during autophagy.

Additionally, the data presented in this chapter confirmed that RARRES-1 activation
preserves lipid droplets and by utilizing a double-staining approach, | further confirmed that

this preservation of lipid droplets is due to the inhibition of autophagy.

These findings further confirmed that the antifibrotic effect of RARRES-1 is reversed upon
treatment with autophagy inducers. This phenomenon might illuminate the
pathophysiological context that occurs during liver fibrosis when a constant source of injury
masks some of the regulatory protective nodes, leading to uncontrolled autophagy and
attenuated RARRES-1 expression, which subsequently causes HSC activation, ROS

generation, autophagy acceleration [249] and the progression of liver fibrosis.

Interestingly, my results further confirmed that RARRES-1 activation along with autophagy
inhibitor synergistically reduced HSCs activation, as evidenced by the expression of various
fibrotic markers. This effect was confirmed using genetic (ATG-12 siRNA and LC-3 siRNA)
and chemical (chloroquine diphosphate, MRT 68921 dihydrochloride and bafilomycin)
inhibitors [254-256]. RARRES-1 activation, along with autophagy inhibitors, synergistically

repressed the expression of autophagy markers and fibrotic markers.

In conclusion, the results presented in this chapter confirm that activating RARRES-1
produces an antifibrotic effect, partially by regulating autophagy and preserving lipid
droplets. Therefore, RARRES-1 activation is an attractive therapeutic target that can be used

to regulate autophagy, maintain normal homeostasis, and reverse liver fibrosis.
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Chapter Seven: Summary and future
direction
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7.1 Summary of future challenges and open questions

Liver disease is the 5™ most common cause of death in Australia, with a financial cost
estimated at $5.4 billion [5]. The main histological determinant of liver disease outcomes is
the development of liver fibrosis and ultimately cirrhosis. Virtually all liver disease-related
morbidity and mortality are due to fibrosis, which culminates in liver failure or cancer [257].
Currently, no therapeutic options are available to cure liver fibrosis, and liver transplantation
is the only option for survival in patients with end-stage liver disease [90]. Since no drugs are

available to reverse fibrosis, new approaches to drug development are needed [16, 152, 258].

In this work, I discovered a novel strategy for antifibrotic drug development that involves
targeting the retinoic acid receptor responder 1 (RARRES-1) to regulate the interplay

between epigenetics and energy metabolism.

Epigenetics can be avenue to find novel therapeutic targets for liver fibrosis. Epigenetics is a
heritable phenotype changes that donot involve alterations in the DNA sequence. DNA
methylation is important epigenetic process, that plays role in HSCs differentiation and
extracellular matrix accumulation during liver fibrosis [177]. Epigenome-wide association
study identified increased methylation at the Retinoic acid receptor responder protein 1 gene
(RARRES-1) locus was found as the top hit associated with advanced fibrosis. Aberrant DNA
hypermethylation of RARRES-1 expression has been demonstrated in various cancers.

However the role of RARRES-1 in liver fibrosis is still largely unknown [182].

In this thesis, I opted to investigate the effect RARRES-1 activation as a treatment option for
liver fibrosis. To investigate it in detail, I hypothesized that RARRES-1 is inactivated in liver
fibrosis and restoring RARRESI1 expression would reverse liver fibrosis through

downregulation of energy release. I tested my hypothesis through the following aims:
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I.  Explored if RARRES-1 attenuates liver fibrosis in activated hepatic stellate cells
Il.  Explored if RARRES-1 regulates fibrosis by regulating mitochondrial function
I1l.  Explored if RARRES-1 regulates fibrosis by regulating ROS generation
IV.  Explored if RARRES-1 regulates fibrosis by regulating autophagy

7.2 Summary of findings

In Chapter 3, I reported that RARRES-1 is expressed in various tissues and liver subsets.
Within the liver, it is highly expressed in HSCs. I also find that RARRES1 expression is
attenuated with fibrosis in human, mouse, and in vitro models. While restoring RARRES-1

expression showed anti-fibrotic effects.

In Chapter 4, I demonstrated that RARRES-1 activation produces an antifibrotic effect by
regulating mitochondrial activity in terms of mitochondrial morphology, mitochondrial
import, ATP synthesis, mitochondrial turnover, mitochondrial ROS production, mitochondrial

membrane potential, and ultimately reduces the expression of fibrotic markers.

In Chapter 5, I showed that RARRES-1 activation produces antifibrotic effect that is at least
partially mediated by the regulation of ROS generation. | found that RARRES-1 activation
reduces the generation of both cytoplasmic and mitochondrial ROS. I also confirmed that the
antifibrotic effect of RARRES-1 is altered through the modulation of ROS production via

both induction and inhibition.

In Chapter 6, I confirmed that activating RARRES-1 produces an antifibrotic effect, partially
by regulating different stages of autophagy and preserving lipid droplets. I also confirmed
that autophagy inducers reverse the antifibrotic effect of RARRES-1 and that autophagy
inhibitors synergies the antifibrotic effect of RARRES-1.

Therefore, collectively RARRES-1 is a promising therapeutic target that can be extrapolated

as a therapeutic option for liver fibrosis.
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7.3 Significance of the findings

Using human, mouse and cell-based models, I have demonstrated that RARRES-1 silencing
is responsible for the progression of liver fibrosis. This study has specifically confirmed that
under the conditions of consistent injury, the profibrotic regulator TGF-B causes the
transcriptional silencing of RARRES-1, which activates downstream mechanisms to develop

fibrosis.

Mechanistically, I propose (Figure 7.1) that fibrosis is regulated by RARRES-1 activation.
TGF-B is a key regulator of fibrosis through the activation of various pathways, which
involves mitochondrial dysfunction that ultimately increases the generation of ROS, increases
autophagy, and decreases lipid droplets and hence increases the energy release to support

myofibroblast activation and liver fibrosis.

This study confirms that RARRES-1 activation will reduce fibrosis by regulating metabolic
reprogramming, especially by reducing energy production through mitochondria and ROS
release. I further confirmed that RARRES-1 activation inhibits autophagy, decreases the
expression of autophagy markers, reduces the formation of double-membrane
autophagosomes, reduces autophagic flux and consequently preserves lipid droplets. This
regulation of autophagy by RARRES-1 ultimately reduces energy release, which supports

HSCs activation and liver fibrosis.

Taken together, these findings confirmed that RARRES-1 activation can be exploited to

reverse liver fibrosis.
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Liver Fibrosis
Figure 7.1 Model of RARRES-1 mechanisms for regulation of TGF-p induced fibrotic

pathways in liver fibrosis

7.4 Future directions

7.4.1 Determining whether RARRES-1 activation limits fibrosis progression in vivo

After confirming the anti-fibrotic effect of RARRESI in vitro, it would be interesting in
future studies to extend my findings and test the role of RARRES-1 in liver fibrosis in in

Vivo.
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7.4.2 Determining whether RARRES-1 activation accelerates fibrosis resolution in-vivo.

In practice, patients present with established fibrosis and the aim of therapy is to limit
progression, and ideally to hasten resolution. Thus, it would be also interested to test if

RARRES-1 activation can accelerate fibrosis resolution in in vivo.

7.4.3 Developing CRISPR Cas9 epigenetic editing tool

Conventional drugs are limited in their ability to reverse epigenetic changes. Thus, future
approaches are needed to target the epigenome and restore the healthy epigenetic landscape
[259]. To reverse epigenetic changes occurred in fibrosis, future studies should include
developing epigenome editing tool (CRISPR Cas9) that will cause DNA demethylation to
restore RARRES-1 transcription and investigate if targeted DNA demethylation of RARRES-
1 through administration of CRISPR Cas9 reduces fibrosis in LX-2, human hepatic stellate

cells in vitro and in vivo experimental models.

For HSC targeted gene delivery, CRISPR Cas9 could be generated by a validated lentiviral
system [260, 261] harbouring dCas9- TET1CD-Rarres1-sgRNA4 or dCas9-TET1CD-LacZ-

scramble gRNA (as a control), cloned downstream of the a-SMA promoter.

7.5 Conclusion

Liver fibrosis is an unmet clinical health challenge that requires novel therapeutic
approaches. Taken together, the results of this study support RARRES-1 as a potential
therapeutic target to cure liver fibrosis. Designing CRISPR Cas9, as epigenome editing tool
for specific DNA demethylation of RARRES-1 may constitute a first-in-class treatment to
reverse liver fibrosis. This approach can restore the homeostatic balance between the
epigenome and metabolism. However, long term effects of RARRES-1 activation may need

to be considered.
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