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1. Abstract

Metabolic dysfunctiorassociated steatotic liver disease (MASLD) affects 30% of the global
population. With rising numbers it presents a risk for global health and health care systems. The
development of MASLD and the more severe stage, metabolic dysfuassociated steatohepatitis
(MASH), is driven not only by comorbidities like obesity and type 2 diabetes, but also by
hypothyroidism. Independent of the systemic thyroid hormone levels, dysregutdtioepatic thyroid
hormone signaling plays an important role in MASLD pathogenesis,with the only approved
medication for MASH treatmentesmetirom,being a thyroid hormone receptbeta THRB agonist.

While the effect of thyroid hormone signaling dysregulation on the hepatic metabolism has been
investigated thoroughly there is little information @rhether epigenetic regulations contribute to this
dysregulationin MASLD. Therefore, the aim of this thesis was the investigation of epigenetic
regulationson hepaticthyroid hormonesignalingin MASLD.

Since the expressionof THRB negatively correlateswith the diseaseprogressionmarker MASLD

activity score (MAS) and since miRNAs have inhibiting effects on their target genes, miRNAs that
potentially bind to THRB were identified. The expressionof miRNAs and mRNAs potentially
involved in the regulationof thyroid hormoneaction in the liver was measuredn humanand mouse

liver tissue using gPCR. Verification of increasedexpressionof potential THRB targeting miRNAs

was performedin a cohort of obeseindividuals (BMI > 30 kg/m 2) which was divided into a non

MASH group (n = 41, MAS O3) and MASH group (n= 27, MAS O 4nultipleansuseve | |  a:
models mimicking different stagesof MASLD. Binding of miRNA to target mRNAs was verified

using luciferase reporter assays, as well as Riacting protein immunoprecipitatigequencing.
Furthermore,cell culture models were metabolically stimulatedto induce a MASLD-like statein the

cells and investigate the effeon the expressiorof thyroid hormone metabolisrgenes. Additionally,

DNA methylation was measured at THRB and miRNA genes, to further investigate involvement of
additional epigenetic regulators. Unfortunately, no suitable THRB antibody was available to verify the
results of MRNA measurement®n the protein level. To addressthis, plasmids were designedto
identify tags, that when addedto THRB do not interfere with thyroid hormonesignaling.

miR-34a5p was identified to be increasedin MASLD and was predictedto bind not only THRB but
also the thyroid hormone receptor alpha, the thyroid hormone activating erzidieas well as the
thyroid hormonetransportersSLC10Aland SCL16A2 The binding to THRB and DIO1 was verified
and induced overexpressionof miR-34a5p reduced the levels of THRB regulated genes after
stimulation with thyroid hormonesCell culture experimentsfurther showedinduction of miR-34a5p
by stimulation with fatty acids. Interestingly, the results of the overexpressionof miR-34a5p on
potential targegenescould also be inducedby stimulation withfructose andnsulin without miR-34a
5p involvement. Repression of thyroid hormone signaling through miR-34a5p, reducing the
expressionof THRB as well asDIO1 which reduces the amourtf available active thyroid hormone
further, is exacerbatedy increasedDNA methylationin the THRB gene,which negatively correlates
with  THRB expression.Finally, treatmentof high-fat diet fed mice with metformin reduced the
expressionlevel of miR34a5p. This reduced dysregulatioof the miRNA could potentiallyrecover
THRB expressionand signaling and might aldme of use to patients unresponsive to resmetirom tdue
low THRBIlevels.



2. Zusammenfassung

Metabolische Dysfunktionassoziierte Steatotische Lebererkrankung (MASLD enlletabolic
dysfunctiorassociatedsteatotic liver diseas¢ betrifft 30% der globalen Population mit steigenden
Zahlen und stellt eine Bedrohung fiir die globale Gesundheitund Gesundheitssystemeéar. Die
Entstehung von MASLD und dem schwerwiegenderen Stadium Metabolische Dysfunktions
assoziierteSteatohepatitigyMASH, engl. metabolic dysfunctiorassociatedsteatohepatitis wird nicht

nur durch Komorbiditaten wie Adipositas und Typ 2 Diabetes vorangetrieben, sondern auch durch
Hypothyreose.Unabhangig vonden systemischenSchilddriisenhormonleveln, spielie Dysregulation

des Schilddrisensignalwegesn der Leber eine wichtige Rolle in der MASLD Pathogenese.
Tatsachlich ist das einzige zugelassene Medikament fiir die Behandlung vom MASH, Resmetirom, ein
Schilddrisenhormonrezeptor BetalHRB) Agonist. Obwohl die Auswirkung der Stérung des
Schilddrisenhormonsignalwegesuf den Lebermetabolismusumfassend untersucht und bewiesen
wurde, gibt es wenig Informationen Uber den Einfluss der epigenetischenRegulierung auf den
gestortenLebermetabolismus iMASLD.

Da die Expressionvon THRB negativ mit dem MASLD Krankheitsverlaufsmarker MASLD
Aktivitatsscore (MAS engl. MASLD activity scorg korreliert und miRNAs einen inhibierendenEffekt

auf ihre Zielgene haben,wurden miRNAs identifiziert, die potentiell THRB binden. Die Expression

von potentiell in die Regulationdes Schilddrisenhormonwirkung involvierteniRNAs und mRNAs
wurde in Lebergewebemittels qPCR ermittelt. Die erhthte Expression der potentiell THRB-
bindendenmiRNAs wurde in einer Kohorte aus Individuen mit Adipositas(BMI > 30 kg/m 2), welche

in die GruppennonMASH (n = 41, MAS O 3) und MASH (n = 27, MAS O 4) eingeteilt wurden,
sowie in mehreren Mausmodellen, die unterschiedliche MASILddlien imitieren, untersucht. Die
Bindung zwischen miRNA und Zielgen wurde mittels LuciferBeporterAssays und RNAProtein
Interaktion Immunprazipitation Sequenzierung nachgewiesen. Dartber hinaus wurden verschiedene
Zellkulturmodelle metabolisclstimuliert, um MASLD &hnliche Zustandezu imitieren und der Effekt

auf die Expressionder Gene des SchilddriisenhormonsignalwegegemessenZusatzlich wurde die

DNA Methylierung derTHRB und miRNA Gene gemessen, um die Relevanz weiterer epigenetischer
Mechanismen zu untersuchen. Da es keit@RBAnNtikdrper gibt, welche die Proteinexpression
zuverlassig nachweisenyurden Plasmide konzipiert, um Tags zu identifizieren, welche T¢H&B
Funktion nicht stéren,sodassmRNA und Proteinlevelverglichenwerdenkdnnen.

Die Uberexpressiorder miRNA miR-34-5p in MASLD wurde bestatigtund die Bindung der miRNA

zu THRB dem Schilddrisenhormonrezeptoflpha, dem Schilddriisenhormeaktivierende Enzym

DIO1 und den Schilddriisenhormontransportei®LC10Alund SLC16A2 prognostiziert.Die Bindung

an THRB und DIO1 konnte nachgewiesewerdenund die induzierte Uberexpressiason miR-34a5p

fuhrte zu einer reduzierten Expression vofHRBregulierten Genen nach Stimulation mit
SchilddrisenhormonenWeitere Zellkulturexperimentezeigten, dass die Expressionder miR-34a5p

durch Stimulation mit Fettséduren induziert werden kann. Interessanterweise konnte derselbdeEffekt
Uberexpressiorvon miR-34a5p auf Gene desSchilddriisenhormonsignalweges ohne Zutam miR-

34a5p durch Stimulierung der Zellen mit Fructose und Insulin erzielt werden. Die Unterdriickung des
Schilddrisenhormonsignalwegesirch die Bindung von miR-34a5p an THRB und DIO1 wird durch

die vermehrte DNA Methylierung am THRB Gen, welches negativ mit der THRB Expression
korreliert, verstarkt. AbschlieBend fiihrt die Behandlung von Mausen, die mit einer Diat mit hohem
Fettgehalt gefuttert wurden, mit Metformin zu einer Reduzierung der3#@#®p Expression. Diese
reduzierte Expressionder dysregulierendermiRNA kénnte potentiell einen positiven Effekt auf die

THRB Expression und den Schilddriisenhormonsignalwelaben. Dies konnte die Wirkung von



Resmetiromverstarkenund Patientenhelfen, die durch eine geringe THRB Expressionnicht auf die
Behandlungmit Resmetiromansprechen.



3. Introduction

3.1.TheLiver 1 ametabolicorgan

The liver is a central organ of metabolic homeostasis and reacts to episodes of feeding and fasting by
regulation ofbiochemicalpathways. Hepatocytes an®t only the main epitheliakells in the liver, but

also possessa nutrientsensingsystemthat contributesto the metabolismregulating role of the liver

[1,2]. Cholangiocytes, the epithelial cells of the bile duct, are the second most abundant epéhelial
population of the liver. Stellate cells regulate collagearganization and production and therefore
contribute to fibrosis developmentafter liver injury. Additionally, the liver contains macrophages,
called Kupffer cells, that perform anti and pro-inflammatory roles [2]. Apart from the Kupffer cells,

the cells of theliver are organizedin hexagonalobuleswith the centralvein in the middle surrounded

by hepatocytes anthe portaltriads that containthe portalvein, the hepaticartery and the bile duct at

the vertices[2]. Hepatocytesare distinguishedinto three different zones,dependingon their location

in the lobule. Located at the portal vein, they are refetoeds periportal, followedy the intermediate
hepatocytes anthe onesat the central vein as pericentral[3]. Consideringthe differencesin nutrient

and oxygensupply in the different zones, the cells show heterogeneity in their metabolic activity, with
periportal hepatocytes being more involved BRoxidation and gluconeogenesis and pericentral
hepatocytesn glycolysis and lipogenesis[3,4]. This zonation can be disturbedin metabolic diseases

like metabolicdysfunctionassociatedsteatoticliver disease(MASLD) [3].

Glucosemetabolism

The glucoseuptake and releas@ the liver is conducted primarilythrough glucosetransporterGLUT2

and dependsn the energy statef the body [5,6]. In the fed state, thdiver storesglucoseas glycogen,

while under fasting conditions glucoseis mobilized from glycogen storage[7]. Therefore,the liver

plays an essentialrole in the maintenanceof the blood glucoselevels which is tightly regulatedby
insulin and glucagon[5]. High insulin levels under fedconditions stimulate glycolysis and lipogenesis

but suppress gluconeogenesis. Glucagon counteracts insulin actions and is increased under fasting
conditions. After the uptake the glucose is phosphorylated by the enzyme glucokinase to-Glucose
phosphate and is either used for glycoggnthesis or glycolysislepending on the energy status of the
organism. Glycolysis is limited by the glucokinase,liver pyruvate kinase and 6-phosphofructel
kinase. The nascentproduct, pyruvate, can be used for the generationof ATP through complete
oxidation in the citric acid cycle or used fode novolipogenesis [5].0n the transcriptional level,
glycolysis is regulated by carbohydrateesponse elementbinding protein (ChREBP) and sterol
regulatory element bindingrotein 1c (SREBRLc) that are also responsiblefor the regulation of fatty

acid biosynthesis [8].Under fasting conditions, glucoseis primarily generatedthough glycogenolysis,

but can additionally be producedby gluconeogenesis fror8-carbonprecursorsThe rate limiting steps

of gluconeogenesis are performed by phosphoenolpyruvate carboxy kinase (PEPCK) and6glucose
phosphatas€G6PC) which are activatedunder fasting conditions[8,9].

Lipid metabolism

Similar to the glucose metabolism, the lipid metabolism is also regulated by metabolic hormones, for
example by the regulatioof lipogenesis via the transcription factors SRERPand liver X receptor
(LXR) [10]. Excess glucose is converted into lipids in the liver usiagnovolipogenesis (DNL). The
pyruvate generated during glycolysis is processed amongst others by acetytlCoA carboxylase
(ACACA) and fatty acid synthase(FASN) resulting in palmitic acid, a componentof triglycerides

(TG) [5]. TGs are eitherincorporated in to very low densitipoproteins (VLDL) and secreted into the

blood or storedwithin the liver as lipid droplets[11]. Additionally, fatty acids are transportedo the
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hepatocytesvia the bloodstreammainly throughthe fatty acid transporprotein 2 (FATP2), FATP4,
FATP5 and CD36 and are derived from food as well as from adiposetissue[12i 14]. The liver stores
fatty acidsas TGs to preventlipotoxicity [15]. To releasestored TGs they are degradedby lipolysis,
the hydrolysisof TG, resultingin the releaseof fatty acidsand glycerol, which is conductedby lipases
[11]. The degradationof short, medium and long chainedfatty acidsis conductedby b-oxidation and
takesplacein the mitochondriawhile very long chainedfatty acids are oxidized in peroxisomeq10].

Alternatively, fatty acidsare usedfor the productionof cholesterol,which is an important component

of membranedut also needed for the productiaf bile acid. While SREBR.c regulates lipogenesis,
Sterol regulatory elemerdbinding protein 2 (SREBR2) controls the uptake and biogenesis of
cholesterol in the liver through transcriptional activation of genes like low density lipoprotein receptor
(LDLR), 3-hydroxy-3-methylglutaryicoenzyme A reductase (HMGCR), hydre3ymethylglutary
coenzymeA synthasel (HMGCSL1), and farnesyl diphosphatesynthase(FDPS) [8].

3.2.Metabolic dysfunctionassociatedsteatoticliver disease

According to the WHO noncommunicable diseases (NCD) acctamt4l million deaths yearly
worldwide, which translatesto 74% of all deaths. The main types of chronic diseasesare
cardiovasculadiseasesgcancer,respiratorydiseasesand diabetes. Whilethere are multiple risk factors

and environmental contributors, metabolic risk factors play a big role in disease development. The
metabolic risk factors are hypertension,overweight and obesity, hyperglycemiaand hyperlipidemia

[16]. Theserisk factors correspontb the metabolic syndrome which needs to mede¢adtthree ofthe

risk factors for diagnosis [17]. Metabolic dysfunctassociated steatotic liver disease (MASLD) is
consideredthe liver manifestationof the metabolic syndrome[18]. Affecting more than 30% of the

global population and withincreasing prevalence iadults and childrelMASLD has developed into a
serousworldwide health concern[19,20]. MASLD is defined as the accumulationof fatty acids in

more than 5% of hepatocytes irthe absencef infectious diseasedimited consumptiorof alcohol and

no evidenceof hepaticinjury [21]. MASLD is the new term for the formerly known nonalcoholic

fatty liver disease(NALFD). The change in nomenclature included an adjustmenlidagnosis criteria.
Patients now need to present with an additional symptom of metabolic syndrome to be diagnosed as
MASLD, emphasizingthe connection between MASLD and metabolic syndrome [22]. Despite the
changein criteria, analysis of NAFLD cohorts show that over 97% of NAFLD patients also qualify for
MASLD [23] and are thereforeused synonymouslythroughoutthis thesis.

While MASLD manifests inthe liver it is a systemic disease that involves many other organs. The
hallmarks of MASLD development are the accumulation of fatty acids in hepatocytes, which is often
accompanied by a dysfunction of the adipose tissue and is known as metabolic dysassci@ated
steatotic liver (MASL). In 1@5 % of MASL patients the disease progresses further into metabolic
dysfunctionassociated steatohepatitis (MASH) [24]. In this case the liver is inflamed, the injured
hepatocytesncreasein size (ballooning) and thdiver tissue showsfirst signsof scaring (fibrosis) [25]

with increased production of extracellular matrix, which can later develop into cirrlagisg ) and
hepatocellular carcinoma (HCC) [20]. At this stage of disease patient often suffer from dysbiosis, a
disruption of healthy gut microbiome which has a negative effect on the liver and vice versa [26]. To
determinethe severity of the diseasethe MASLD activity score (MAS) is used. Using histology of

liver biopsies the degree of steatosis, ballooning hepatocytes, fibrosis and inflammation are
determined21]. While the MAS is the gold standard of diagnosis, biopsies are a risky and not widely
accessible procedure. Instead the liver markers alanine aminotransferase(ALT) and aspartate



aminotransferase (AST) are oftersed to determine liver healdnd uponsuspicionof MASLD fibro
scansand ultrasoundsare usedto determinefibrosis and steatosisrespectively[25].

MASLD development and progression is associated with obesity and type 2 diabetes (T2D), which are
associatedwith a westernizeddiet high in processedfoods, refined carbohydrates,meats, dairy
products and soft drinks. Indeed, patients with MASLD consumemore calories daily comparedto
healthy control [27,28] and three times as much fructose[29]. 90% of patientswith obesity and 70%

of overweight people have MASLD while the prevalenceof MASLD in patients withT2D is at60%

[20]. Despitethe tight associationof obesityand MASLD it can occurin peoplewith an BMI below

25 kg/m2. The prevalence of lean MASLD varies strongly between ethnicities and can be partially
attributed to genetic variations. Polymorphismsin Patatinlike phospholipasedomain containing
protein 3 (PNPLA3), a TG lipase, as well as in transmembrane 6 superfamily member 2 (TM6SF2),
resulting in less secretionof VLDL from the liver [30], are risk factor for MASLD development
though studies are not conclusive regarding MASH and fibrosis risk [20]. An additional well
established risk factor is systemic hypothyroidism [31], but also a dysregulation of thyroid hormone
signalingin the liver hasbeenassociatedvith diseaseseverity [32].

3.2.1. Molecularmechanism®f MASLD pathogenesis

Steatosisand lipotoxicity

The first stage of MASLD is steatosis,the accumulationof lipids in hepatocytes.Under normal
conditions hepatocytesbalance lipid synthesis with lipid degradationand export depending on
hormone and energy levels, however this balanceis disruptedin MASLD. This disruption can be
caused by excesBuctose consumption, which induces insutigsistance andNL increasing enzyme
levels [33 35] and reduces beta oxidation. Patients with MASLD show increase of DNL compared to
healthy controls [36]. While accumulationof TGs is not toxic, the liver lipid profile changesin
MASLD with an increase in diacylglycerol, ceramides, free cholesterol and phospholipids which are
contributing to lipotoxicity [37,38]. The accumulation of cholesterolis further aggravatedby a
reduction in cholesterol excretion from hepatocytes in bile, as either cholesterol or bile acid [39].
Lipotoxicity is the accumulatiorof toxic lipids, which resultsin organelledysfunctionand cell injury

or death.Thelipid overloadleadsto a stressresponsen the endoplasmiaeticulum (ER). This triggers

a protein unfolding response,that is used to re-establishthe homeostasisof the ER, but under
prolongedactivity inducesapoptotic pathways[40]. Excessof toxic lipids also stimulatesthe release

of extracellular vesicles, which enablesthe transport of inflammation, fibrosis and angiogenesis
inducing compoundsthroughoutthe liver and organism [41]. The increasein fatty acids also affects

the mitochondria,in early stagesof MASH the mitochondriashow an increasein b-oxidation, which

in turn results in an increased production of reactive oxygen species (ROS) [42]. In later stages
mitochondrial function is impaired and oxidative stressincreases.The damageof ROS on lipids,
proteins and DNA impair organelle and cell function, with evidence suggesting aimpact on
inflammation, insulin sensitivity and the gut microbiome [33,43 45]

Insulin resistance

The developmentof insulin resistanceis a driving factor of MASLD progression.During insulin
resistancethe liver becomesresistantto the effects of insulin on the glucose metabolism,resulting in

an increasein glucose production. Simultaneously,the effect of insulin on the lipid metabolism
remains the same, thoughe increase ininsulin expressionconsequently increases the productioin

lipids, leading to steatosis[46]. Additionally hyperinsulinemiapromoteslipolysis and the releaseof

fatty acids from adipose tissue [47]. The high amount of insulin also stimulates the release of pro
inflammatory cytokines from the adiposetissue like tumor necrosisfactor U ( T N F[48). Insulin
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resistanceand T2D in turn induce a dysfunctionof adipocytes,disrupting their ability to store lipids
[49], which increasescirculating free fatty acids (FFA) that are then taken up by the liver.
Dysfunctional adiposetissue also reducesexcretion of adiponectin,which is insulin -sensitizing and
has hepatoprotectiveeffects by reducing DNL, hepatic FFA intake, gluconeogenesisnd induction of
beta oxidation and is antrinflammatory [50]. This reduction of antiinflammatory signals is
accompaniediy an increasedsecretionof pro-inflammatory adipocytokineg19].

Dysbiosis

The gutliver-axis also plays an important role in MALSD pathogenesis. Microbial compounds and
metabolites circulate fronthe gut throughouthe body, the majority is transportedto the liver via the

portal vein. This gutliver axis can influence liver function [51]. Tissue damagingdiets like a long

term highfat diet can damage the gut barrier, which leads to an accumulation of microbiota derived
substancesin the liver [26]. Chronic liver diseasesare associatedwith small intestine bacterial
overgrowth syndrome, whichdue to the increasef microbialassociatedmolecular patterns(MAMPS)

and pathogerassociatedmolecular patterns (PAMPS) alters the liver immune microenvironmentand

can lead to chronic inflammation [52]. Overabundancef E.coli derived lipopolysaccharidegLPS)

has beerreportedin patientswith MASLD [53]. LPS are well studied MAMPsand PAMPs. They bind

to toll-like receptor 4 (TLR-4) activating nuclear factor kappa B subunit 1 ( N F a Bédiated
inflammation, accelerating MASH and fibrosis progressi¢t4]. The other way aroundthe liver
influencesthe gut by producing and releasingbile acids and antimicrobial moleculesinto the biliary

tract which reach the gut and contribute to eubiosis [26]. While circulating the liver bile acids act as
signaling molecules binding to nuclear receptorslike FXR (farnesoid X receptor) and therefore,
regulatingglucoseand lipid metabolismas well as the synthesisof hepaticbile acids [26].

Inflammation

Due to thelivers exposure to bloedorne pathogent is one of the bodies first line of defense against
external diseaseausing agents and is therefore, well equipped to deal with inflammation. While
hepatocytes areot innate immune cellghey do carry out immune functions under stressed conditions
[55]. Hepatocytesdetect pathogensand metabolic molecules via pattern recognition receptorslike

TLRs, inducing the production of innate immunity proteif6]. The first cells of the innate immune
systemreacting to metabolic disturbancesn MASLD are Kupffer cells. Generally macrophagesan

be categorized into two different types M1 and M2 cells, with M1 generally considered to -be pro
inflammatory and M2immunoregulating, withinvolvementin tissue remodeling57]. This distinction
doesnot hold true for macrophagedn the liver, as Kupffer cells show simultaneousexpressionof M1

and M2 markers[58]. Induction of the more pro-inflammatory M1 expressionis initiated by LPS,
known PAMPs and MAMPs. This leadsto the expressionof inflammatory cytokineslike TNF-U and
IL-12. The resulting localinflammation inturn leadsto hepatocyte injury, whichs visible in histology

as enlarged hepatocytes with granular cytoplasm (hepatocyte ballooning), and the release of damage
associatednolecularpatterns(DAMPs). DAMPs further activate the Kupffer cells, leadingto a circle

of inflammation [59]. Indeed, patients with MASH not only show higher levels of inflammation
marker TNFU in the |liadéeposéduti sasse [ &0] as wel |l as
Additionally Kupffer cells can be activated by lipid overload, which is observed during MASLD and
increaseghe inflammatory respons® LPS [62]. The activation of Kupffer cells not only contributes

to the inflammationput also to insulin resistance and the development of fib{68k In addition to
Kupffer cells, monocytes are recruited into the liver, where they differentiate into moiwlecied
macrophages with a more prdlammatory profile compared to Kupffer cells [64]. Another type of
immunecells presentin the liver are dendritic cells, which are locatedaroundthe centralveins. They



are antigenpresentingcells and infiltrate the liver under MASH conditions, though their role in
MASH is not fully understood,with studies providing contradictory data [59]. Neutrophils also
infiltrate the liver of MASH patients, with the severity of neutrophil infiltratibaing associated with
diseaseprogression[55]. They contribute to the activatiorof Kupffer cells and thereforeplay an
important role in the initiation of liver inflammation. Studies have showithat activated neutrophils
release peroxidases,like myeloperoxidasethat induce liver damage,through mitochondrial injury
which causeshepatocyte deathut also the activationof hepatic stellateells, resulting infibrosis [55].

Fibrosis

A consequence of chronic inflammation is the development of fibrosis, the excess production of
extracellularmatrix without degradation.In the liver hepatic stellate cells are mainly responsiblefor

the production and degradationof extracellular matrix. As described above, multiple aspects of
MASLD play a role in the activation of hepatic stellate cells and the induction of fibrosis. Several
studies have shown that fibrosis is the main indicator for the severity of diseaseprogressionand
mortality [65]. During MASLD the amount of extracellular matrix not only increases,but the
compositionchanges,comparedto healthy liver tissue. This resultsin an extracellularmatrix that is

more resistant to degradati@md therefore, contributes to the increaédibrosis in MASH. While the

role of the extracellular matrix in healthy liver is to provide structure to the organ and control
proliferation and cell survival [65,66], increased deposition of -tygellagen contributes to portal
hypertensionand the reduction of functional liver tissue. While fibrosis can be reversed inMASH
patients, there is no currenevidence thatcirrhosis caused by MASLD can be reversed. Fibrasid
chronic injury can lead to the development of cirrhosis, that is defined by the fibrosis caused portal
hypertensionas well as abnormalblood flow and changesn the liver structure[67].

Adipose
dysfunction
(ORI
. o T dysbiosis -
FFA e \
(o) L | lTNFaIpha
MASL \s MASH Cirrhosis
r B ..
— fof _—
Steatosis Steatosis Cirrhosis
PNPLA3 >5% fatin Inflammation Advanced
TM6SF2 hepatocytes Ballooning fibrosis

Fibrosis

Figure 1. Metabolic dysfunctiorassociated steatotic liver disease (MASLD) developmentand
progression.Environmentalrisk factors like a diet high in refined carbohydratesand fructose, obesity

and type 2 diabetes, but also hypothyroidism and genetic factors like polymorphisms in-lIRatatin
phospholipase domain containing protein 3 (PNPLA3) and transmembrane 6 superfamily member 2
(TM6SF2) can induce development and progression of MASLD. The first stage metabolic dysfunction
associated steatotic liver (MASL) shows an increased influx of free fatty acids (FFA) from diet and
dysregulatedadiposetissueinto the liver and is definedas at least an accumulationof fat in 5% of
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hepatocytes. The disease can progress further into metabolic dysfuagtimeiated steatohepatitis
(MASH) in which hepatocyte injury and inflammation are aggravated by dysbiosis and
proinflammatory adipokines like tumor necrosis factor alpha ( T N F Eujther dysregulationof the
liver can lead to cirrhosisand hepatocellularcarcinoma.

Consideringthe complexity of MASLD it is not surprising that the treatmentis difficult. First line

therapy is the reduction of weight in overweight or obeseindividuals and an increaseof physical

activity togetherwith treatmentof underlying metabolic diseasedike hypertensionor T2D [68]. In

concert with the already mentioned disruption of thyroid hormone (TH) metabolismin MASLD,

studies have shown an improvement of the disease after treatment with TH [69]. Indeed, the thyroid
hormone receptor beta ( T R Bgonist resmetiromis the first drug designedto specifically treat
MASLD and has been approvedby the United StatedFood and Drug Administration(FDA) recently

[70].

3.2.2. Mouseandcell modelsof MASLD

To investigate MASLD development, progressionand the developmentof potential treatments,
differentin vivo andin vitro modelsare utilized. Due to little standardizatiorbetweenmodelsthereis

a hugevariety of different methods to induce MASLD in different model organisms. Since this thesis
focuseson mouseand cell culture modelsother animal modelsare not includedin this introduction.

3.2.2.1. Mousemodels

MASLD mouse models can be roughly categorizedinto genetic modifications, dietary modifications

and models treatedwith chemicals.Some models utilize more than one method.While no available
model is able to completely mimic all aspectsof human MASLD, different models imitate different
aspects and are used accordingly, depending on the research quesiiableld different models are
compared for their ability to mimic aspects of metabolic syndrome (obesity, insulin resistance,
dyslipidemia), development of MASH (hepatocyte ballooning, steatosis, fibrosis, inflammation) and
increaseof liver markersAST and ALT. Thereis little standardizatiorwithin the modelsconsidering

diet compositionand length of treatmentresulting varying phenotypesSimilarly, the susceptibility of

the treatmentvaries betweenmousestrains[71]. The main advantageof animal models comparedto

cell culture is that the animal model has the potential to mimic the systemic disease througheut
different organs,while cell models are limited to only a few cell typesin co-culture. Still not all
animal models suitably mimic the whole phenotypeof MASLD. While the differing models are
suitable to mimic different aspectsof MASLD in mice, metaanalysis have showthat there is little
overlap betweengene expressionprofiles of liver tissuesfrom different mouse models and patients

with MASLD [72]. Vaccaet al. propose an MASLD human proximigcore (MHPS) ranking different
models concerning their metabolic relevanceto induce MASH and identify models with profiles
relevant to the humandisease [73]. The proposed MHPS ranks diets according to body weight,
triglycerides, cholesterol, liverto body weightratio, ALT andAST, MAS, fibrosis and transcriptomics.

Dietary models

According to the MHPS the western diet (WD) containing cholesterol mimics the gene expeass$ion
histology comparableto human progressionwith obesity and dyslipidemias.Neverthelessthere is a
high variance between experiments,due to differences in diet composition and duration of the
experiment [73]. Meanwhile choline deficient models (CDD, CD-HFD, CDHFHCD) despite
developingfibrosis did not perform well overall due to low metabolicranking. And while the HFD



model shows the expected increase in body weight, insulin resistanceand hyperlipidemia and
therefore,mimics the humanphenotype quite wel[74]. The reductionof the choline contenof a high-

fat diet (CDHFD) impairs hepatic lipid metabolism, reducing VLDL secretion which leads to fat
accumulation,cell death, oxidative stressand inflammation with fibrosis. CD-HFD animals do not
show theincreasein body weight that is expectedfor a HFD and deviatesfrom the humanphenotype
[74]. The additional lack of methionine in the MCDD model leads to inflammation and early
developmentof fibrosis with increase in AST and ALT. MCDD mice show a fast onset of MASH
phenotypein the liver but no other phenotypeslike insulin resistanceand dyslipidemia, similar to
some CDHFD mice they lose body weight [74]. MCDD treated mice are only suitable to investigate
MASLD within the liver. With a loss of body weight and a lack of insulin resistancehis model does

not mimic the metabolisyndrome,a necessitydiagnosiscriteria for MASLD in humans.Meanwhile,
high-fructose diet (HFrD) fed mice develop the metabolic syndrome phenotypebut do not progress
further into MASH without additional stimulation witra high fat (HFrHFD) or a diet with addedhigh

fat and cholesterol (HFrHFHCD) [71,74,75]. Similarly, the American lifestyle diet (AMLD) usesa

HFD or a WD content with refined sugars in the drinking water to mimic the conditions of MASLD
developmentin humans. Depending odiet compositionand duration of treatmentthe AMLD mimics

the majority of MASLD parameterswith steatosisdetection as early as 8 weeks, but inflammation

only after 16 weeks [73].

Chemicalmodels

To reducethe time ofdiseaseprogressionandto induce moreseverephenotypes chemicakre utilized

in someanimal models. Streptozotocin(STZ) is usedto inducetype 1 andtype 2 diabetes.Low doses

of STZ combinedwith a HFD induce insulin resistancewhile treatmentwith a high dose of STZ
destroysp a n ¢ r edlld leadingtb the developmentof type 2 diabetes[76,77]. In the STAM diet, a

high fat diet paired with STZ the MASLD progressionis spedup greatly. The mice presentsteatosis

after 7 weeks and show all histological signs of MASH, before developmentof cirrhosis after 12
weeks and HCC after 2071]. While the use of STZ leads to a similar histological pattern in mice
comparedto diabetic MASLD patients, the molecular mechanisms differ and the use of STZ induces
insulin deficiency rather than insulin resistance[78]. Another chemical usedin MASLD modelsis
carbon tetrachloride (CCls), which induces liver injury, fibrosis and cirrhosis. Therefore, animals
treatedonly with CCls are commonly usedas a fibrose control, but not as a separatdMASLD model.

The repeated administration of GGtombined with a HFD triggers chronic oxidative stress and
inflammation in the liver before causing fibrosis and also shows histologic similarities to human
MASLD patients [79]. However, the STAM treated mice show a reduction of body and liver weight,
indicating chronic damage[79]. Similarly, other studies observedless weight gain in HFD mice
treatedwith STZ or CCls than in mice only treatedwith HFD [73].

Geneticmodels

Mice with a deficiency ineither leptin (ob/ob) or the leptinreceptor (db/db) develop obesity under a
normal chow diet. The lack of leptin signaling resultsin a hyperphagicstate and the mice develop
insulin resistance,dyslipidemia and steatosis[80]. While these mice develop severe hepatosteatosis
within 12 weeksthey donot developMASH without further stimulatiorby either a diet or chemicals
[74]. Therefore, leptin signaling deficient mice presenta model for the early stagesof MASLD,
though the metabolic changes caused by the lack of leptin signaling should be taken into
consideration.
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Table 1. Comparisonof different MASLD mousemodelsaccordingto their diet and useof chemicalsas well asthe resulting phenotype

Model Mousestrairt | Diet Chemicals Metabolic MASH ALT Advantage/ Reference
syndrome Histology (D) Disadvantage
Obesity (1) Hepatocyte ballooning A
Insulin resistance | (1) @)
2 Steatosis(2)
Dyslipidemia (3) Fibrosis(3)
Inflammation (4)
High fat C57BL/6J 4575% fat NA @+ Q) -1+ Q) + Dysbiosisafter | [71,73 75,81
(HFD) @) + @)+ @) + oneweek of 84]
HFD
(©hs 3+
4) +
High fructose Fructose NA 7 (2) + Metabolic [71]
(HFrD) supp!emented @)+ )i syndrome,b.ut
drinking no progression
water (4) + to MASH
phenotype
High fructose | C57BL/6J Fructose NA Q)+ (2) + 1) - [74,75]
high fat supplemented 3)+
(HFrHFD) drinking
water (4) +
HFD

1 No entry indicatesno specificationof strain
+ indicatespresenceor increaseof phenotypeor diseasemarker, - indicateslack of phenotypeor decreaseof marker,blank indicatesno information, NA not applicable.
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Model Mousestrairt | Diet Chemicals Metabolic MASH ALT Advantage/ Reference
syndrome Histology (D) Disadvantage
Obesity (1) Hepatocyte ballooning AST
Insulin resistance | (1) @)
@) Steatosis(2)
Dyslipidemia (3) Fibrosis (3)
Inflammation (4)
HFrHF + high | C57BL/6J 40% fat NA )+ @)+ [75]
cholesterol 40 g/l @) +
(HFrHFHCD) ;
ructose 3) +
0.2% @) +
cholesterol
Westerndiet 0.22% NA Q)+ (2) +- Q)+ High variance [73,74]
(WD) cholesterol 2) +- @) + @)+ in disease
. . severity
atherogenic 0.5% cholic
(atherogenic) oo (3)+ (3) + between
(4) +/- experiments
American HFD or WD NA Q) - (2) +- Q) + [73]
lifestyle supplemented +
2) + 2) +
(AMLD) with refined ) @ @)
sugarin (3) +-
drinking (4) +-
water
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Model Mousestrairt | Diet Chemicals Metabolic MASH ALT Advantage/ Reference
syndrome Histology (D) Disadvantage
Obesity (1) Hepatocyte ballooning AST
Insulin resistance | (1) @)
2 Steatosis(2)
Dyslipidemia (3) Fibrosis (3)
Inflammation (4)
Methionine C57BL/6J 40% sucrose | NA Q- Q) + Q) + No metabolic [71,74,75]
and choline syndrome, onl
deficient 10%fat 2)- @)+ @)+ sﬁitable as ’
(MCDD) Deficient in Q)+ intrahepatic
methionine (4) + model. Fast
and choline development of
phenotype
Choline Diet deficient | NA Q- Q) + Q) + Ballooning of [73,82]
deficient in choline @) - ) + )+ hepatocytes
(CDD) only occurs
3)- )+ after 8 weeksof
) + treatment
Choline 71% (45 NA Q) -1+ Q) + Q) + Ballooning of [73,82]
deficientHFD 75%) fat @)+ ) + )+ hepatocytes
(CD-HFD) 11% only occurs
)+ after 8 weeks of
carbohydrates
. () + treatment
18% proteins

With reduced
choline
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Model Mousestrairt | Diet Chemicals Metabolic MASH ALT Advantage/ Reference
syndrome Histology (D) Disadvantage
Obesity (1) Hepatocyte ballooning AST
Insulin resistance | (1) @)
2 Steatosis(2)
Dyslipidemia (3) Fibrosis (3)
Inflammation (4)
CCly NA CCl Q- @)+ 1)+ Fibrosiscontrol, | [73,74]
not a MASLD
(2)- 3+ @* | modelin itself
(4) +
HFD CCl C57BL/6J HFD CCl (1) + (1) + [74,79]
(2) + (2) +
(3) +
4) +
HFD C57BL/6J HFD Streptozotocin| (2) - Q) + Q) + Developmentof | [71,74,78]
Streptozotocin @)+ )+ cirrhosis and
HCC, STz
STAM '
( ) )+ inducesinsulin
4) + deficiency not
insulin
resistance
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Model Mousestrairt | Diet Chemicals Metabolic MASH ALT Advantage/ Reference
syndrome Histology (D) Disadvantage
Obesity (1) Hepatocyte ballooning AST
Insulin resistance | (1) @)
2 Steatosis(2)
Dyslipidemia (3) Fibrosis (3)
Inflammation (4)
Leprt/Leped Leprt/Leped NA NA )+ @t No spontaneous| [71,73,74,80]
developmentof
@)+ @+ MASH, similar
(©hs ©N MASLD
@i+ developmentto
humans
Lepry/Leprdd | Lepr/Leprd® | NA NA )+ 2) + No spontaneous| [71,73,74,80]
. developmentof
@)+ )i MASH, similar
3+ 4+ MASLD
developmentto
humans
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3.2.2.2. Humancell culturemodels

Besides mouse models, cell culture models are commonly used to ascertain liver toxicity of
compoundsand investigate cell signaling pathways. There are different complexity levels of cell
culture, the easiest and most common one being 2D monocutultaring only one type of cell. To
improve imitation of liver tissue 2D co-culture combineshepatocytecell culture with other hepatic
cells like stellate or Kupffer cells. 3D cultures of cells growing in spheroidsboth in mono and co-
culture further increase the complexity and liver-likeness of the models. Lastly, body-on-a-chip
models combine multiple cell culture organ modelsto mimic the exchangebetweendifferent organs.

The gold standardfor hepatocytdike cells are primary human hepatocyteswhich are derived from

liver resections or tissue not usable for transplantation. While these cells express all hepatocyte typical
enzymes and show a similar metabolic profile comparedto in vivo hepatocytesthey rapidly
dedifferentiate within hours after plating, losing their hepatic function [85,86jcultores prevent
dedifferentiation to an extent, though primary human hepatocytes are difficult to acquire and the high
variance betweertell donors proves to be problematic with poor reproducibility of results [87]. More
readily available hepatocytdike cell models are immortalized cancer cell lines HepG2 and Huh-7.

HepG2 cells were derived from a hepatoblastomaf a 15 year old Caucasianmale [88] while Huh7

cells are from the hepatocellularcarcinomaof a 57 year old Japanesemale. While both cell lines
originate from the liver their cancerous nature comes along with changes in their expression patterns
comparedto hepatocyteg89]. On the other hand, spheroidsof HepG2 show a different expression
pattern than monolayer HepG2 with hepatocytdike morphology [90,91]. Meanwhile HepaRG cells

are bipotent progenitor cells of hepatocytesand biliary cells, originating from a liver tumor with

chronic hepatitis C[92]. After differentiationthe cellsshow largely hepatocytdike expressionand can

be usedfor studies ofmetabolism[89]. 3D co-culture of hepaticstellatecells and HepaRGare usedas

a fibrosis model [93]. Lastly human induced pluripotent stem cells are also used for differentiation into
hepatocytdike cells as they can be used inmono, co and 3D culture. The mastmplex type of cell
culture is the bodyna-chip model where multiple orgacell types are combined to simulate the
interaction betweenorgansin an organism[94]. This model tries to solve the main problem of cell
culturemodelsof being unable tsimulatethe situationin a completeorganismwith only one or two

cell types. To induce a MASLDBtatein any of theaforementioned cell culture models, the cells ban
challenged with metabolic stimulants. For example fatty awiils oleate and palmitate mixturdsave

been shown to indues steatosisas well as treatmentwith fructose[87,95]. Consideringthe advances

made in in vitro techniquesand when using the models consciousof their limitations cell culture
models pose a valuable as$et MASLD research.

3.3. Thyroid hormonesignaling

The thyroid hormones (TH) thyroxine 4Tand to a lesser extent the active triiodothyroning, (are
produced in the thyroid gland, regulated by the hypothalgitugary-thyroid (HPT) axis. The
hypothalamus secretes the thyrotropin releasing hormone (TRith stimulates the pituitary into the
secretion of thyroid stimulating hormone (TSH) which in turn regulates production of thyroid
hormonesin the thyroid gland. TH concentrations regulate the production of both TRH and TSH in a
negative feedback loop [96Figure ). The THs are transported throughout the body using carrier
proteins and deliveredinto various tissuesby transporterswith many of them regulating both influx

and efflux dynamically [97,98]. In the liver monocarboxylate transporter 8 (MCT8), encoded by the
SLC16A2gene) transports bothsTand Ta across the membranes of hepatocytes [98] similar to the
Nat/taurocholate cotransporting polypeptide (NTCP, encodedby the SLC10Al gene) [99]. The
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concentration of thyroid hormones and their metabolites in tissues and circulation is regulated by the
selenoproteingleiodinasetype |-l (DIO) [100]. The different types of DIOs have varying capabilities

in activating and deactivatingTH productsand show tissue specific expressionwith DIO1 being the
main DIO in theliver [96]. There are 4 different types of thyroid hormone acfitdi]. In type 1, also
known as canonicalaction of TH, Ts binds to thyroid hormonereceptors(TR). The genomeencodes

two TR genes,thyroid hormonereceptoralpha (THRA and thyroid hormone receptor beta (THRB

with their splicevariants [102]. While THs and their receptors fulfill a multitude of essential functions
throughoutthe body in different tissues,in the liver the main expressedlR is the T R b regulating

liver metabolism [96]. TRs are part of tf@mily of nuclear hormone receptors and bind to the thyroid
hormone response element (TRE) either by building a homodimer or a heterodimer by binding to other
nuclear receptors, mainly to retinoid X receptor (RXR) isofofd®32]. TRs bind to the DNA also in
absenceof TH, at both positive and negative enhancersthe binding of TH does not function as a
switch but rather changesthe ratio of corepressorsand coactivators bound to the TR [103].
Alternatively, there is evidence of type 2 signaling afbdund to TR binding to other DNA bound
transcription factors, modulating their function, though more researchis necessary[104]. Type 3
action describes proteiprotein interactions betweermR and for example phosphoinositidekiBase
(PI3K) [105], meanwhile in type 4 action TH bind to other proteins than TRs kkar T4 binding to
integrin U v B[B06] (Figure 2B). While thyroid hormoneshave a variety of functions throughoutthe
body in different tissues, e.g. regulating heartbeat,brain developmentand skeletal function. Their
main function in thdiver is regulationof metabolism[96]. In hepatocytesIRs regulatelipid, glucose

and cholesterolmetabolism [107] with multiple of the presentednodesof action.

Lipogenesis

In T R bfanction as transcriptionfactor, Tz binding inducesthe expressionof lipogenesisgeneslike
fatty acid synthase (FASN, acetylCoA carboxylase (ACACA, malic enzyme (ME) and Thyroid
hormoneresponsive(THRSP and additionally regulatesthe expressionof other transcription factors
like sterol regulatory elementbinding protein 1c (SREBP1y liver X receptor (LXR) and
carbohydratgesponsive elementbinding protein (ChREBB that also play a role in lipogenesis
regulation. Meanwhile the synthesisof triglyceridesis negatively regulatedby TH, directly reducing
the expression of apolipoprotein B100 (APOB10(, stearoydCoA desaturase(SCDJ, the main
desaturaseenzyme of triglyceride synthesis,though the regulation mechanismof SCD1 is not yet
known [108]. In addition the binding of T Rbto PI3K results in the repression of the
AKT/MAPK/AMPK  cascade [105], indirectly regulating lipogenesis, gluconeogenesis and
mitochondrial biogenesis [109].

Lipolysis and fatty acid oxidation

Thyroid hormonesinduce degradationof stored hepatic lipid droplets, containing triglycerides, using

the autophagyysosomal pathway [110] by increasing the amount of autophagosomes [111]. Lipid
degr adat i oaxidattom manly got¢cursbin mitochondria, with TR acting on both nuclear and
mitochondrial genome [112]. THs induce both the expressionof the rate limiting enzyme of b-
oxidation carnitine palmitoyltransferasel (CPTZ:L Y [113] and P P A Reo-activator 1 U(PGG1 Y
which induces mitochondrial biogenesisvia the PGG1 UWNRF1-mTFA axis [112,114]. In addition,

T R bregulates mitochondrial gene expressionindirectly by regulating the expressionof estrogen
relatedr e ¢ e p ESRRA add PGG1 114]. Furthermore,Ts acts directly inthe mitochondria by
binding to T R W@nd its isoforms [115], therefore, regulating mitophagy and O2 consumption[116].

The expressionof other mitochondrial enzymesinvolved in b-oxidation, mediumchain acytCoA
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dehydrogenase(MCAD) [117], pyruvate dehydrogenasekinase isoform 4 (PDK4) [118] and
mitochondrialuncoupling protein 2 (UCP2) [119] are also all inducedby TH action.

Cholesterolmetabolism

TRb indirectly regulates the rate I|limiting step
elementbinding protein 2 (SREBP2 expressionwhich in turn regulatesthe expressionof 3-hydroxy
3-methylglutaryl coenzyme A (HMG-CoA) [120], SREBP2 also plays a role in endocytosis of
cholesterol by regulating expression of LDLR [121]. Treatment of hypothyroid patients has shown a
reduction of total cholesterol after treatment with TH [122] possibly by the reduction of proprotein
convertasesubtilisin/kexin type 9 (PCSK9, which is involved in LDLR degradation[123]. To
maintain cholesterol homeostasisand prevent toxicity of excess cholesterol, reverse cholesterol
transportis essential for cell§124]. The transport of cholesterol into the cell is facilitated by the TH
induced apolipoproteinAl (APOAY, scavengerreceptorclass B member1l (SRB) and cholesterol
estertransferprotein (CETP) [125,126]. Conversionof cholesterolinto bile acid is again regulatedby

TH induced expression of cholesterol 7 akplydroxylase CYP7A) [127]. The last step of reverse
cholesterol transport, thexcretionof bile acids and cholesterolinto the bile [124] is facilitated by the
ATP-binding cassette transporters subfamily G member 5 and member 8 [128]. Their expression is
regulatedby LXRs and therefore,indirectly by THs [129].

Glucosemetabolism

THs induce gluconeogenesidy regulation of PEPCK [130] and G6PC [131]. Additionally the
regulation of PDK4, that already plays a role in lipid metabolism, leads to amdirect inhibition of
pyruvate dehydrogenasgPDH) and thereby prevention of glycolysis [132]. THs have also been
proposed to stimulate sirtuin 1 (SIRT1) expresdid83], which in turn regulates cholesterol, lipid and
glucosemetabolismas well as mitochondrial activity[134]. Additionally, SIRT1 directly bindsto T R b
as a coactivator [131] modulating T R Bactivity and influencing insulin signaling through FOXO1
[135]. Furthermore,T R finduces expressionof ChREBP, which in the presence of insuliinduces
hepatic glucose production [136].
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Figure 2. Thyroid hormone receptor beta signaling. A) Thyrotropin releasing hormone (TRH) is

produced in the hypothalamus stimulating the release of thyroid stimulating hormone (TSH) from the
pituitary. TSH in turn induces thyroid hormone production and secretion in the thyroid gland. The
production of both TRH and TSH are negativelyregulatedby the circulating Tz and T4 concentration.

B) Thyroid hormones(TH) are transportedinto the hepatocytevia transporters.Type 1: The active Ts

can directly bind to the thyroid hormone receptor beta ( T R fvhile the inactive T4 has to be

transformed into T by the deiodinase type | (DIO1). After activation by DIO1 the® n bi nd t o i
nucl ear receptor. TRbB binds to the DNA at a thyr
another nuclear receptor, either as homodimeror with other receptorsmainly RXRs.Upon Ts binding

the ratio of bound coactivatorsand corepressorschanges,leading to a changein gene expression.

T R fregulates gene expressionof lipid metabolism,both catabolism and anabolism directly on the

genomic level. Similarly T R bregulated cholesterol metabolism including synthesis, uptake and

transport as well as gluconeogenesisinfluencing insulin signaling. The regulation of transcription

factors like ESRRAindirectly regulatesfurther gene expression,influencing mitochondrial health. Ts

is also transported into the mitochondria binding to T R Uand its isoforms directly regulating
mitophagy and mitochondrial biogenesis.Type 2: Ts-bound T R falso modulatesgene expressionby
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binding to DNA-bound transcription factors. Type 3: Proteipr ot ei n i nteraction of
proteins influences celll signaling, -kimase (P#3K)Jampl e
suppressesthe AKT/MAPK/AMPK signaling cascade which also regulates glucose and lipid
metabolism.Type4: Additionally Ts and T4 havethe ability to bind other proteinsindependenf TR.

3.3.1. TH signalingin MASLD

As can be inferred from the name, metabolic dysfuncti@ssociated steatotlover disease|s a disease

of disrupted metabolism in the liver. Considering the before mentioned importance of THs in lipid,
cholesterol and glucose metabolism and mitochondria function it is of little surprise that THs play an
important role in MALSD pathogenesis [107,137]. While hypothyroidism is indeed a risk factor for
MASLD development [138], hyperthyroid patients show a reduction of hepatic lipid content [139].
Additionally, patients with a lossof-function mutation in T R Bb(resistanceto T R b ghow hepatic
steatosis[140]. Further, Bruinstroop et. al. were able to show in 2018 that treatmentof euthyroid
MASLD patients with T2D with Levothyroxinean artificial form of Ta, reducedhepaticlipid content

[69]. While the treatment with TH resulted exdverseevents[141], a T $pécific agonist, resmetirom

was just approvedby the FDA for treatmentof MASH and is the first MASH medicationon the
market [70]. However, hypothyroidism is not the only mechanismfor reduced TH signaling in
MASLD. Reducedexpressionof the T R bnversely correlateswith MAS [32].

3.4.Epigenetics

In 1942 Waddington introduced the term epigenetics to describe the complex processes connecting
genotype and phenotype [142]. This bradefinition has beemarrowedto the current definition: it h e

study of changesin gene function that are mitotically and/or meiotically heritable and that do not

ent ai l a <change i n DNA sequence. 0 [143] . These
mechanisms: modification of histones, chromatin remodeling, DNA methylation and noncoding RNA
(ncRNA) modulation [144]. In this thesis DNA methylation and microRNAs, a form of ncRNA, were
investigatedand will therefore,be describedin detail.

3.4.1. Histonemodifications

Histones are octamer proteins that form the nucleosomes around which the DNA wraps to give the
chromosome it€ompactshape[145]. The organizationof the DNA into chromatinfibers, which form

the chromosome, influences the accessibility of the DNA for proteins. The density of packed DNA is
influenced by posttranslational modifications of the histones. Acetylation, phosphorylation,
methylation and other modifications, which mainly occur at the N- and C-terminal ends of the
histones, alter the structure and function of the chromatin enabling or repressing transcription,
dependingon type and place of the modification [145].

3.4.2. Chromatinremodeling

Another mechanism to regulate gene expressiandensity ofthe chromatin is chromatinemodeling.
ATP-dependentchromatin remodelers regulate access of DNA by repositioning, modifying and
ejecting nucleosomes [146].

3.4.3. DNA methylation

DNA methylation is the chemical modification of the DNA strand by adding a methyl group to a base,
mainly the5™ carbon of thecytosinering in cytosineguaninedinucleotide{CpG) [144,147].This, the
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5-methylcytosine (5mC)is the most thoroughly investigated fornof methylation, other forms are the
5-hydroxymethylcytosine, 5-formylcytosine and 5-carboxylcytosine [148,149]. Methylation of the
DNA is conducted by DNA methyltransferases (DNMTs) by transferring a methyl group from S
adenosylmethionine (SAM) onto the cytosine. While DNMT1 maintains methylation of the DNA
throughout cell replication, to maintain cell identity, DNMT3a and -3b establish new methylation
patterns [150].The methylationof CpG sites changes thestructureof the DNA and in turn influences

the bindingaffinity of transcriptionfactors,to their binding sited151]. Whether methylationincreases

or decreasedinding affinity depend®n the transcriptionfactor, with transcriptionfactors like bHLH

and bZIP showing reduced binding to methylated DNA while homeodomainand NFTA proteins
preferred methylatedinding sites [151]. So called CpG islands, which are-2000 bp long CpG rich
section of DNA often overlap with promotor regions. CpG islands are generally un-methylatedand

their methylation has beenassociated witha reduction of gene expressior[152,153]. Similarly
methylation downstreamof the promotor in the first intron region, which containsenhancerbinding
sites, is inversely correlated with gene transcription [154]. In contrast, the methylation of the
remaining gene body is positively correlatedwith gene expression[155]. Modification of the DNA

with methyl groups is very dynamic and is influenced dswironmental factors likeliet and exercise
[156]. These changes igene methylatiorhave been associated with metabolic disease like T2D and
obesity [147].

Detection of DNA methylation is either conducted with methods measuring changesof global
methylation or to detectthe methylationon the base pair level [157]. For these bpa& resolution
bisulfite-based methods are consideredthe gold standard,where the DNA is treated with bisulfite
resulting inthe deaminatiorof nonmethylated cytosinegto uracil, while 5mC remainsas cytosines.

The uracil is then translatedby a uracittolerant polymeraseinto thymine during PCR amplification.

The methylated cytosines can therefore, be detectedduring the subsequentsequencing[157,158].
Bisulfite treated DNA can be sequenced as a whole in whole genome bisulfide sequencing to generate
methylation data of the complete genome, which is very cost intense or target regions can be
sequencedo answerspecific questiong157]. To circumventsequencing andeneratemore datathan

a single locus detection, bisulfite treated DNA can also be utilized for hybridization basedmethods,

for example methylation microarrays, where the treated DNA is hybridized to multiple known
methylation sites [157]. A newer method to detect DNA methylation is using Oxford Nanopore
Technologiessequencingwhere a single molecule of DNA is sequencedThe ionic current signal

from the sequencingcan be usedto identify modificationsof the DNA [159].

DNMT1
Methylation
maintenance
NH, NH;
DNMTSa/b CH;
NF | De novo methylation NT |
o)\ N / o)\ N
| o™ |
Cytosine 5-methyl-cytosine

Figure 3. Mechanismof DNA methylation. The DNA methyltransferase8a and 3b (DNMT3a/b)
transfer a methylgroup from S-adenosylmethioninéSAM) onto the 5t carbon of the cytosinering for
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newly synthesizedDNA strands or to generate new methylation patterns upon signaling. The
maintenanceof the methylationof 5-methyicytosineis conductedby DNMT1.

3.4.4. Non-codingRNAs

Noncoding RNAs (ncRNAs) comprise the majority of the hung@mome and can be categorized into
different categorieg144]. NcRNAs are divided into circular RNA and linear RNAs which are further

split in long noncoding RNAs, whichypically contain more than 200 nucleotides (nt), while small
NcRNAs are between 18 and 200 nt length [160,161]. Small ncRNAs are further separated into
microRNAs (miRNAs), small nuclear RNAs and pivititeracting RNAs [162]. MiRNAs are single
stranded gene regulatory molecules of approx. 22 ntlength [163]. They are either encoded ia
transcription unitaloneor in a clustemwith othermiRNAs, or in an intron of a proteigene [164]. The
translation of miRNAs is performed by the RNA polymerase Il, the resulting transcript is
polyadenylatedand capped[163]. When the transcriptis generatedfrom a transcriptionunit it will

form the primiRNA which contains an imperfectly matched hairpirith an length of approx. 33 base
pairs (bp) and flanking segments[164]. The pri-miRNA is further processedn the nucleusby the
Droshaprotein, a memberof the RNaselll family. Drosharemovesthe flanking regionsresulting in

the premiRNA consistingof the stemloop [163]. For processingof miRNAs encodedin introns of

host genes,the splicing machinery is used to process the mirtioto the premiRNA [165,166]. For
further processing,the premiRNA is transportedfrom the nucleus into the cytoplasm by the
transporter exporti#d [167]. After transport the terminal loop of the hairfgncleaved off by theDicer
endonuclease [168]. The resulting mature miRNA duplex unwinds and the binding to the argonaut 2
(AGO2) protein is facilitated by TRBP to form the miRNiduced silencing complex (miRISC).
Meanwhile, the one strand is degraded the other is used in the miRISC to bind specific targets [169].
Selectionof the loadedstrand dependen the thermostability of theluplex endsand the identity ofthe

5 @ucleotidewith the binding pockebf the AGO2 showing a strong affinity for ura@hd adenosine
[170]. The argonautalso appearsto prefer binding to the less stable duplex end, which is determined

by thefirst four nucleotidesf the duplex [171,172]. While these rules promote binding of a preferred
strand, both strands can be stably bound to the argonaut, with the prefaaad sften being called
miRNA* strand [173].The two strandsire further differentiatedby their position of eitherthe5 6 3dr
end of the premiRNA, the mature miRNA igherefore labeledwith the ending5p or 3p. After loading

of the miRNA strandnto the argonaut,the miRISC binds mainly to the 3 @ntranslatedegion (UTR)

of the target messengelRNA (MmRNA) [174] (Figure 4). Specific binding of miRNA to the target
dependson the seedsequencethat centersaroundnucleotides2-7 at the 5 6  ef nhd miRNA [174].
There are different seedmotifs, ranging from6 nucleotides formingNVatsorCrick pairswith the target

to 8 nucleotides. While prediction of actual target mRNAs is more specific for 8mers, the majority of
mMiRNAs bind their targets with7mers.After binding to the targetthe miRISCregulates thdranslation

and production of proteins, with more than 60% of proteincoding genes being targeted by miRNAs
[175]. One miRNA targets multiple targetienesand one mRNA often containsmultiple binding sites

for a variety of miRNAs [173].

Posttranscriptionalrepression

There are multiple mechanisms proposdyy which the miRISC prevents translation. Thelis evidence
that AGO2 contains a cap binding region, that competeswith the eukaryotic translation initiation
factor 4E (elF4E)for cap binding, thereby preventing translatiohcapped mRNAg176]. Binding of
elF6, which promotesbinding of the 60S to the mRNA, to the Dicer-TRBP-AGO2 complex has also
been associatedwith a reduction of translation, preventing the formatiorof the ribosome[169]. In
addition to the preventionof the initiation of translation,miRISC promotedribosomal drop-off has
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beenproposed,thougha direct mechanismhas not beendescribedyet [177]. Furthermore binding of
the miRNA to the target mRNA can induce destabilizationof the mRNA by promoting decappingof
the mRNA ordeadenylation. Whil¢hereis evidencefor miRISC induced degradatioof mRNA, there
are also mRNAs reported that are not destabilizedand areonly targeted by the miRNA orthe
translationallevel. The mechanismsthat decide on the destabilizationof only some mRNAs are not
known yet [178].

Figure 4. Biogenesisand action
I T ) of miRNAs. miRNAs are either
Ge.ne Host gene | encoded in a gene or non
: | canonically part of a host gene.

¥ v After transcription of the miRNA
}:m:m@mo W / gene, the prmiRNA is processed
pri-miRNA : / by Drosha into the shorter
. Spliceosome:,-' / hairpin of the premiRNA, while
*. Drosha s / as part of a host gene, the
e M / transformation into premiRNA
N T R v from premRNA is performed
~ - pmrﬁ;r%ir?NA/ \\ - during splicing. The premiRNA
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MRNA degradation  «------ ; ! Dicer premiRNA hairpin to form the
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Block of circularization 4 H S into the argonaut protein (AGO),
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Compete for cap binding<------ v target mRNAs and interfere with
m RISC translation in multiple ways.
Compete for elF6/60S  #------ Binding of the mIiRISC can
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promote drop-off of the
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and also elF6/60S.

3.4.4.1. RNA-interacting protein immunoprecipitatiorsequencing

While prediction of miRNA targets can be done with algorithms, blasting the seed sequenceto

3 6 U T ahd evaluating predicted RNA folding to determine accessibility of potential binding sites
actual binding hasto be verified. Luciferaseassaysin which the potentialtargetmR N A 3 OMIHT R
the potenti al mi RNA binding site is ¢l ongd) 356
Using the luciferase reporter assay only allows verification of a single target mRNA at a time.
Consideringthe high amountof potential targets, verification of all targetswould be time and cost
intense. Therefore,the method ofRNA-interacting proteinimmunoprecipitatiorsequencing(RIP-seq)
can be usedinsteadto potentiallyvalidate all mMRNA targetsat once. The expressionof the miRNA of
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interestis inducedin cell culture to increas¢he ratioof miRNA of interestto other miRNAs boundto

the miRISC.To only sequenceniRNAs boundto the miRISC an AGO2 specific antibody mix is used

for immunoprecipitation(Figure 5. The bound mRNAs are then purified and sequenced. A negative
control with an 1gG antibody and an input control without antibodies are used to dorestspecific
binding and background [18085].

m ) AGO2 specific antibodies Sepharose beads
Cell lysate pusunB A e O
after miRNA oy @ —— = > °
overexpression ‘s o A S o
S —— S >y Q
-@
Immunoprecipitation m ¥°?°%°

:[!
z[%‘

Sequencing
of AGO2

HOQWAMGHAMY

Figure 5. RNAinteracting protein immunoprecipitatiesequencing. The microRNA of interest is
overexpressed in cell culture to promote binding of mainly the target miRNA to their target mRNAs.
Argonaut 2 (AGO2) specific antibodies are bound to Sepharose beads and used for
immunoprecipitationof mMRNAs bound to the miRISC complex. The mRNAs bound to the RISG
Sepharose beads are purified and sequenced. To control for unspecific binding a control with 1gG
antibodiesand to removebackgroundinput controls without antibodiesare performed.

3.5. Epigeneticsand MASLD

Metabolic diseases are highly complex and interconnected, changes in epigenetics in obesity, T2D and
MASLD have been well establishedin different tissues, influencing each other [144,147]. In the
following the effectsof both changesn miRNAs, specifically miR-34a5p and changesn methylation

on the developmentand progressionof MASLD will be discussed.

3.5.1. miRNAsandMASLD

mMiRNAs regulate multiple aspectsof MASLD developmentand progression,while some of the
miRNAs involved in the dysregulatedsignaling in the liver are producedin the liver, extracellular
vesicles containing miRNAs have also beenreported to contribute to the pathogenesis of the disease
[186]. Here miRNAs with reported influence on different aspectsof MASLD developmentand
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progression will be reviewed. Though studies including miRNAs should ideally state whether the
investigatedmiRNA is the 5p or the 3p, unfortunately notall publications specify the investigated
miRNA, which can lead to contradictingresults.

Lipid metabolism

The main expressedmiRNA in the liver is miR122, comprising 70% of miRNAs [187]. MiR22

regulates 24 hepatocyte specific genes [188] and is involved in the regulation of lipid and cholesterol
metabolism [189].For examplethe upregulation of miRL22 in MASLD resultsin inhibition of SIRT1

and consequently in the inhibition of the LKB1/AMPgathway whichdysregulates lipogenesis [190].
Contradictory, other studiesreport an increaseof miR-122 in the blood [191] but a decreasen the

liver of individuals with MASLD [192], proposingan increasedreleaseinto the circulation from the

liver [193]. Meanwhile increased expression of @@ b t ar gets PPARU, which pr
mitochondriaand reducesb-oxidation [194].

MiRNAs miR-33a and miR33b have been considered as therapeutic targets for managing metabolic
syndrome,as well as MASLD due to their involvementin lipid metabolismand insulin synthesis.

They are cdranscribed by SREBP1 and SREBP2, which are regulatode afiovolipogenesis and
cholesterol synthesis. Both miRNAs arevolved in the repressiorof the, for HDL synthesisessential,

ATP binding cassette transporter member 1 (ABCA1) [195]. Inhibition of both miIRNAS leads to an
improvementof insulin sensitivity, increasesHDL circulatory levels and b-oxidation [196,197]

MiR-21 regulatesthe expressionof 3-hydroxy-3-methylglutarylcoenzyme A reductase (HMGCR),
which in turn regulates cholesteraghetabolismand triglyceride levels [198]. In addition the induction

of miR-21 expression in MASLD increases fatty acid uptake, resulting in accumulation of lipids by
inhibiting fatty acidbinding protein 7 (FABP7) [199]. Knockout of miR-21 in HFD fed mice
improved steatosisby reducedinhibition of FOXA2, FOXO1, H N F BTST3and INSIG2 [200].

One miRNA that is involved in the regulation of lipid metabolismthrough thyroid hormonesignaling
is miR-451a, which regulates thyroid hormone responsive protéifHRSP) and in turn negatively
regulates de novo lipogenesis [201].

MiR-155 is elevated inMCDD fed mice, bothin the liver andin Kupffer cells and knock-out of miR-

155 attenuatesteatosis and apoptosis in MCDD mice [202]. Meanwhile there are studies that show a
decreasdn liver and serum expressionin MASLD patient and an improve of lipid accumulationin

HFD fed mice after increaseof miR-155 expressionthroughL X R &lgnaling [203,204].

Table 2. DysregulatedniRNAsin the lipid and cholesterolmetabolismin MASLD

MiRNA MiRNA expression Target Reference
miR-122 Up/down SIRT1 [188,190,192,205]
miR-20b Up PPARA [194]

miR-21 Up FOXA2, FOXO01, [198i 200,205,206]

HNF4U, STA
INSIG2, HMGCR

FABP7
miR-33a Up ABCA1 [195,207]
miR-33b Up ABCA1 [195]
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mMiRNA mMiRNA expression Target Reference

miR-155 Up/down LXRU [202i 204]
miR-451a Down THRSP [201]
Inflammationand fibrosis

In addition to the involvementof miR-21 in the steatosisof MASLD, miR-21 targetsPPARA which
leads to the induction of inflammation as well as fibrosis [206]. Upregulated2®8Ris alleviating
inflammationas well as fibrosis by targetingTAZ, in MASLD the miRNA showsreducedexpression.

miR-378 expressionis increasedin obese mice and patients withMASH and contributes to the
progressionof MASH by targeting Prkag2 which negatively regulatesthe N K a-B N F idflammatory
axis leading to inflammation and fibrosis [208].

Table 3. DysregulatedmiRNAsin MASLD involvedin inflammation and fibrosis

mMiRNA MiRNA expression Target Reference
miR-378 Up Prkag2 [208,209]
miR-21 Up PPARA [206]
miR-223 Down TAZ [209,210]

Insulin resistance

Additionally to the involvement of miR-122 in the regulation of the hepatic lipid metabolism,the

miRNA is also involved in multiple pathways regarding insulin resistance in MASLD [211].
Gluconeogenesis essential enzymes PEPCK and G6PC are both targeted-33b nfifR2]. Insulin
resistance is further induced by the upregulation of both-1BiR and miR497 which both inhibit the
expression of thénsulin receptor (InsR) [213,214]. HFD mice and db/db mice show reducedl58R
expression, which targets phosphatase and tensin homolog (PTEN). PTEN upregulation impairs
glycogenesiscontributingto hepaticinsulin resistancg215].

Table 4. DysregulatedniRNAsin MASLD involvedwith insulin resistance

MiRNA MiRNA expression Target Reference
miR-122 Up [211]
miR-33b Up PEPCK,G6PC [212]
miR-15b Up InsR [214]
miR-497 Up InsR [213]
miR-152 Down PTEN [215]
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Oxidative and endoplasmiaeticulum stress

Oxidative and endoplasmicreticulum (ER) stress promote MASLD developmentand induce each
other [216]. In cell lines and in mouse models the induction of miR-26a expressionalleviates ER
stressand lipid accumulationthrough the regulation of the eukaryotic initiation factor 2 UTherefore,

the opposite effect is observed upon the reduced miR-26a expression during MASLD [217].
Meanwhile miR421 is upregulated in MASLD mouse models inhibiting SIRT3, dysregulating
mitochondrial function and inducing oxidative stress though the down regulation of the
SIRT3/FOX03signaling pathway [218].

Table 5. DysregulatedmiRNAsin MASLD involvedin oxidative and endoplasmiaeticulum stress

mMiRNA MiRNA expression Target Reference
miR-26a Down EI F2U0 [217]
miR-421 Up SIRT3 [218]

3.5.1.1. miR-34aandMASLD

The miR-34 family has beenwell establishedas tumor suppressomiRNAs [219]. All three miR-34

types contain the same sesehjuence and subsequently have the potential to bind to the same target
MRNAs. Despite the similarities in sequence the miRNAs are encoded in different gene34aVitR
encodedon chromosomel as part of the host gene MIR34AHG in the secondexon and is highly
preservedin mice and in healthy tissuethe prevailing miR-34 form [220]. The other two membersof

the miR-34 family, miR-34b and miR-34c are encodedon chromosomell as part of the MIR34BHG,

but are generallynot expressedn the liver [220].

The expression of mi@4a in patients with MASLD is increased and increases further with disease
progression [209,22224]. MiR-34a plays a role in multiple aspects of MASLD development and
progression, contributing to steatosis, inflammation and fibrosis. The high degree of increased
expressionin MASLD patientsleadsto a measurableincreasein miR-34a serum levels. Therefore,
miR-34a has been proposed a norfinvasive marker for MASLD [224]. Similar to humananice also

show increased mi34a expression after being challenged with diets high in fatty acids and fructose
[225,226]. Accordingly, studies imice fed a diethigh in fats and fructose show that the severity of
MASLD increases proportionally withmiR-34a expressionand improves after mi34a inhibitor
treatment,underlining the relevanceof miR-34ain MASLD [227].

The expression of mid4a is regulated by the wédhown tumor suppresser p53 which is a 3R
activator [228,229]. Thus, p53 also alters the miR-34a expressionin cancersdependingon the p53
status, therefore, miR4a might decrease in HCC. Due to the tumor suppressing effeatsRe84a, a
mimic has been proposedas acancertherapeutic[162]. Unfortunately thetherapeutic MRX34was
aborted due to adverseeffects on the immune system[230]. The expressionof miR-34a is further
regulatedby the bile acid receptorFXR which inhibits miR-34a expression[228]. The expressiorof
FXR is reduced in MASLD which contributes to the upregulation of-84R [231]. Indeed MASLD
patients treated with a FXR agonist show improvementin liver steatosisand biomarkers[232]. In
addition to regulationthrough transcriptionfactors, the level of miR-34ain the liver is also regulated
by inositotrequiinge nzyme 1U (1 RE1U) which plays an essent.
degradatiorof premiRNAs. | R E is ihactivatedn hepatosteatositeadingto an increasen miR-34a
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levels [233]. Furthermore, there is evidence that dysbiosis of the gut microbiome has an influence on
hepatic miRNA levels [234].

MiR-34a influences multiple aspectsof MASLD, one of the miR-34a targetsthat regulate various
aspects of MASLD is SIRT1 [235,236], whose inhibition leads to a dysregulation of lipogenesis,
cholesterol synthesis,and a reduction of b-oxidation, mitochondrial function, induced inflammation

and apoptosig188,237,238]. SIRT1 also has beeproposed to be involved in hepatic stellate cell
activation and fibrosis development through a pathway involving PPARG [239,240]. Additionally, the
regulationof SIRT1 indirectly contributes to the dysregulatiosf TH signalingdue to SIRT1 acting as

a coactivator of T R b[131], which contributes to the dysregulation of the lipid metabolism.
Lipogenesisis also dysregulatedhough miR-34a targetingof PPARA [236] and silencing of mi-R34a

in mice restoresSIRT1 and PPARA expressionlevels and improvessteatosis[241]. In addition, miR-

34a directly targets hepatocyte nuclear factor 4 U( H N F 4vhijch regulates hepatic lipid and
lipoprotein metabolism [209,226] and results in a reduction of VLDL secretion [226]. Finally, there is
evidence that miR84a induces fibrosidy activating hepatic stellate celteroughthe TGRb pat hway
[242].
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Figure 6. Function of miB4a during MASLD. The expression of A3 increases during MASLD
developmenand progression,the expressioris activatedby p53 and negativelyregulatedby farnesoid

X receptor (FXR) and inositslequi ring enzyme 10U (I RE10). Bot h
expressionand inactivation during MASLD, resulting in the increase of miR-34a activity. The
inhibition of the miR34a target SIRT1 results in a dysregulation of the hepatic lipid metabolism by
inducing lipogenesis and cholesterol synthesis and the inhibition of fatty acid oxidation which is also
observed by the binding of miR-34a to hepatocyte nuclear factor 4 U( H N F 4Llippgenesisis
additionally increased through PPARA inhibition by miR-34a. The reduced SIRT1 signaling also
resultsin increasedapoptosisand inflammation. SIRT1is additionally involved in the activation of
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hepatic stellate cells (HSC) and the resulting increase in fibrosis through a pathway involving PPARG.
Fibrosis is also inducedby the TGFb pathwaythat is inducedby miR-34a.

3.5.2. DNA methylationandMASLD

DNA methylation has beeassociatedvith multiple metabolic diseasesand comorbiditiesof MASLD
like T2D and obesity, with observedchangesn DNA methylationin the liver [144]. Indeed,analysis
of liver biopsies from MASLD patients compared to controls show significantly less global
methylation andxa reduction ofavailable SAM in MASLD patients [243]A study in mice fed an MCD
diet showed changesin DNMT1 and DNMT3a expression[244]. Reduced methylation has been
reported to increase dipeptidyl peptidase4 (DPP4) expressionin the liver. The increasedDPP4
expression positively correlates with  MASLD stages [245] and increased DPP4 activity has been
associated with insulin resistance [246]. The methylation levels eEXMfeated factor 2 (Nfr2) are
increasedby a high glucoseand high fat diet in mice. Increased\fr2 methylationleadsto an increase
in SREBP1c and FASN expression and therefore, to an induction in lipogenesis [247]. Meanwhile the
methylation of PGG1 Us increasedin MASLD patientsand correlateswith insulin resistance PGG
1 Uis also a key regulator of mitochondrial biogenesiswhich is reducedin the liver of MASLD
patients and inversely correlateswith PGG1 Upromotor methylation and insulin resistance[248]. A
study comparinga control group, an obesegroup without MASLD, a nortobesegroup with MASL
and an obese group with MASH found 476 differentially methylated CpGs. The MASLD-related
genesincluded enzymesimportant for glucose and lipid metabolismbut also insulin -like signaling
[249]. Additionally, changesin DNA methylation may also predict developmentof HCC in patients
with MASLD. Differentially methylated promotor regions of tumor suppressorgeneslead to an
increase of oxidative DNA damage[250]. Taken together, many studies have demonstratedthe
relevanceof changesin DNA methylationin MASLD, by influencing metabolism,insulin signaling
and carcinogenesis.
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4. Hypothesis

The prevalenceof MASLD hasdramaticallyincreasedover the last decadesandis a burdento health

care systemsworld-wide. With only one medicatiomavailable for treatmentMASLD patients main
options are life style changes,with limited success.Ilt is well establishedthat thyroid hormones
regulate liver lipid metabolism and that hypothyroidism is a risk factor for disease development and
progression. Our group could show ttithe expressiorof THRB negatively correlates witthe MAS-

Score. The down regulation of THRB during MASLD is not only well establishedbut also the
foundation of the only recently approvedand first ever developedMASLD medication, resmetirom.

We know that an increase of THRB activity, through increased agonist availability, either by
resmetiromor LT4 [69]improves MASLD. What is still unknown is the mechani@yn which the
expressionof T R bis reduced during disease progression. Considering the high prevalence of
epigenetic changesin metabolic diseaseit is hypothesized inthis thesis thatthe changes inT R b
expressionare caused by changesin the epigenetic regulation, either by miRNAs or by DNA
methylation. While the involvement of epigenetic changes in metabolic diseases have been well
documented the connection between epigenetic changes in thyroid hormone signaling in the liver of
MASLD patients has yeto be thoroughly investigated, this studyill now for the first time link both

the changes in TH signaling with theghanges in epigenetics during MASLD and offer a new taiget
therapeutics.

The subsequentims of this thesisare therefore:

1. The identification of miRNAs with increasedexpressionduring MASLD that have the
predictedability to bind TH signaling relatedtargets.Followed by the experimentalevidence
of the binding of miRNA and respectivetarget.

2. ldentification of in MASLD differentially methylated DNA regions in TH signaling associated
genes.
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5. Subjects, Materials and Methods

5.1. Humancohort

Table 6. Characterizationof humancohort

Parameter Unit Non-MASH MASH p-value n
Sex m/f 6/35 14.6% 9/18 33.3% 68
Age years 40.07(x12.53) 49.07(+13.11) 0.0059 68
BMI kg/m? 51.97(+11.75) 54.37(+8.582) 0.3649 68
TSH mU/L 2.015(+1.125 3.62(+8.467) 0.5669 63
SerumTs ng/mL 0.8872(+0.2492) 1.048(+0.1480) 0.0057 59
SerumTs pg/dL 5.183(x1.124) 5.872(+1.438) 0.0448 59
Triglycerides mmol/L 176.8(+98.18) 255.4(£140.5) 0.0120 66
Total cholesterol | mg/dL 182.3(x35.79) 195.8(+50.84) 0.4832 66
LDL mg/dL 102.7(+36.11) 99.67(+36.00) 0.7598 60
HbAlc % 5.880(+1.665) 7.222(+1.934) 0.0005 68
Blood glucose mg/dL 110.1(x41.86) 154.5(x72.36) 0.0003 68
Diabetes Diagnoseyes/no  9/32 21.9% 16/11 59.2% 68
MASLD activity | Score 0(19) 4(9) 68

1(5) 5 (10)

2 (10) 6 (8)

3(7)
Fibrosis Diagnoseyes/no  9/32 21.9% 21/6 77.7% 68
AST UL 19.78(+9.627) 37.56(+19.86) <0.0001 68
ALT u/L 24.95(+16.18) 41.74(+18.98) <0.0001 68

Liver biopsies of patients with obesity were obtained from segment Ill during bariatric surgery at the
University Hospital Eppendorf (Hamburg, Germany) [32]. The study was approved by the local ethics
committee (PV4889) and all participants signed informed consent. MAFLD activity score (MAS) was
determined by two pathologists according to current standards, clinical parameters were determined as
describedpreviously [32]. Cohort statisticsand clinical parametersare representedn Table 1.
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5.2. Material

5.2.1. Equipment
Table7. List of Equipment

Name

Manufacturer

Bead Ruptor 24

Blotting chamber

Cell culture clean benchMisc advanced
CellXpert®C170i

Centrifuge 5430R

CentrifugeMC 6

ChemiDo& Touch Imaging System
CriteriorE Cell gel chamber

Cytek Aurora Flow Cytometer
Fixed-angle rotor

Incubatorwith CO2 Heracell 150
Light microscopeAxiovert 40 CFL
Magnetic stirrer MOD 205
MastercyclerNexus Gradient
MastercyclerNexus X2 eco
Microplate readerCLARIOstar Plus
Multifuge 35A Heraeus

Multipette E3

NanoDropOne spectrophotometer
Perfectbluegelsystemmini L,S
Pipettes

Pipettus Akku
Powerpackbasicpower supply
PyroMark Q48 Autoprep pyrosequencer
0 Qu e ramdycartridges
QuantStudio5 RealTime PCR System
Rotator RS-24

Rotor A-2-MTP

ScalesKern PCB 10001

Omni International, Kennesaw,US
Bio-Rad, Hercules,US

Thermo Fisher Scientific, Waltham, US
Eppendorf,Hamburg, DE
Eppendorf,Hamburg, DE
Sarstedt,Numbrecht, DE

Bio-Rad, Hercules,US

Bio-Rad, Hercules,US

Cytek Biosciences Fremont, US
Eppendorf,Hamburg, DE

Thermo Fisher Scientific, Waltham, US
Zeiss,Jena,DE

VWR, Radnor,US
Eppendorf,Hamburg, DE
Eppendorf,Hamburg, DE

BMG Labtech,Ortenberg,DE

Fisher Scientific, Schwerte,DE
Eppendorf,Hamburg, DE

Thermo Fisher Scientific, Waltham, US
VWR, Radnor,US
Eppendorf,Hamburg, DE
Hirschmann,Neckartenzlingen DE
Bio-Rad, Hercules,US

Qiagen,Venlo, NL

Applied Biosystems,FosterCity, US
Kisker Biotech, Steinfurt, DE
Eppendorf,Hamburg, DE

KERN & SOHN GmbH, Balingen,DE



Name

Manufacturer

ThermoMixer C
TransBlot® Turbds
Vortex mixer 7-2020
Vortex mixer orbit

Waterbath Grant OLS 200

5.2.2. Consumables

Table 8. List of consumables

Name

Eppendorf,Hamburg, DE
Bio-Rad, Hercules,US
neolLabMigge, Heidelberg,DE
Fisher Scientific, Schwerte,DE

Grant Instruments,Cambridge, UK

Manufacturer

0.2 pm Nitrocellulose membrane TransBlot
turbo

Aluminium foil (0.03 mm x 300 mm x 1R m),
Labsolute

BiosphereFilter Tip 1000 pl, 300 pl, 200 pul, 100
pl, 20 ul, 20ul, 2.5ul

Bulk beadsl.4 mm Zirconium oxide beads

Cell culture flask T75, standard,ventilatedcap
Cell cultureplate, 6 well, 12 well, 96 well
Cell scraper

Combitips advanced/PludBiopur R 0.2, 0.5, 2.5,
5.0and10ml

CriteriorE TGX StainfreeE PrecastGels 10%
Cryo tubes2 mL

Falcontubes,15 mL, 50 mL

Filter paper,extrathick

Filtropur V25 250 mL, 0.2¢ m
Gelloaderpipettetips, 200 L
MicroAmpE optical adhesivefilm
Microplate, 96-well, F, transparent
Microtubeslow binding, 1.5 ml, 2 ml
Millipore membrandilters 0.1 uM
Multiply Strip 0.2 mL

Pasteurpipettes
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Bio-Rad, Hercules,US

Th.Geyer
Germany

GmbH & Co. KG, Renningen,

Sarstedt,NUmbrecht, Germany

Precellys, Bertin Technologies, Montigny-le-
Bretonneux, France

Sarstedt,NUumbrecht, Germany
Sarstedt,NUumbrecht, Germany
Sarstedt,NUmbrecht, Germany

Eppendorf,Hamburg, Germany

Bio-Rad, Hercules,US
Sarstedt,Nimbrecht, Germany
Sarstedt,NUmbrecht, Germany
Bio-Rad, Hercules,US
Sarstedt,NUmbrecht, Germany
Sarstedt,NUmbrecht, Germany
Applied Biosystems FosterCity, US
Sarstedt,Nimbrecht, Germany
Sarstedt,Nimbrecht, Germany
Merck, Darmstadt,Germany
Sarstedt,NUumbrecht, Germany

Th.Geyer GmbH & Co.

Germany

KG, Renningen,



Name

Manufacturer

PCPPIlatehalf skirt HP white
PCRcoverchain

PCRplates,HP, 0.2 mi

Petridish w/ cams,100 mm
Pipettes,serological,5 mL, 10 mL, 25 mL
Plating spatula

Pleatedfilter

PyroMark Q48 absorberstripes

PyroMark Q48 discs

PyroMark Q48 magneticbeads

Qubit Assaytubes,0.5 ml

RNaseZARE
SafeSealreactiontubel.5mL, 2 mL, 5 mL
Scalpel,disposable

Screwcap micro tubes,2 mL

Serologicalpipettes,1 ml, 2 ml, 5 ml, 10 ml, 25
ml

Syringefilter, Filtropur S 0.2 uM
Syringesl ml, 20 ml
Syringes,insulin 0.5 ml

5.2.3. Chemicals

Table 9. List of chemicals

Sarstedt,Niumbrecht, Germany
Sarstedt,Numbrecht, Germany

Th.Geyer
Germany

Sarstedt,NUmbrecht, Germany
Sarstedt,NUmbrecht, Germany

Sarstedt,Numbrecht, Germany

GmbH & Co. KG,

Renningen,

Whatman,GE Healthcare,Chicago, US

Qiagen,Venlo, Netherlands
Qiagen,Venlo, Netherlands
Qiagen,Venlo, Netherlands
Life TechnologiesCarlsbad,US
SigmaAldrich, St. Louis, US

Sarstedt,NUmbrecht, Germany

FeatherSafety Razor, Osaka,Japan

Sarstedt,NUumbrecht, Germany

Sarstedt,NUumbrecht, Germany

Sarstedt,NUmbrecht, Germany

Becton Dickinson, Franklin Lakes, US

Becton Dickinson, Franklin Lakes, US

Reagent Manufacturer
AgaroseBroad Range Carl Roth, Karlsruhe, Germany
B27 supplement Thermo Fisher Scientific, Waltham, US

Bovine SerumAlbumin (BSA)
CharcoalstrippedFBS
Chloroform

D (+) Glucose,99.5%
D(-)Fructose

D(+)Glucose
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SigmaAldrich, St. Louis, US

Life TechnologiesCarlsbad,US
Carl Roth, Karlsruhe,Germany
Carl Roth, Karlsruhe, Germany

SigmaAldrich, St. Louis, US

Carl Roth, Karlsruhe, Germany



Reagent

Manufacturer

DEPC treatedwater
Dimethyl sulfoxide (DMSO)
DNA Away

DTT

Ethanol 70%, denatured
Ethanol 99.8%, denatured

Ethanol 99.8%, pure

Ethylenediaminetetraacetiacid (EDTA) solu

tion 0.5M, pH 8.0

Fetal Bovine Serum (FBS), heatinactivatedOne

Shot

Geltrex

GeneRulerl00 bp DNA Ladder
GlutaMax

HEPES

IGEPAL® CA-630 (NP-40 sub)
Insulin Humalog 100 IE/mlI
Isopropanol,pure

KCI

KO-Serumreplacement
Lipofectamin 2000
Lipofectamin 3000

Loading buffer, 6x

MgClI2

Milk powder

NaBut

NEAA

Penicillin/Streptomycin

Protein G Sepharosé-ast Flow

Proteinasenhibitor cocktail (PIC)

QIAzol Lysis Reagent

RecombinantHuman Hepatocyte Growth~actor

(HGF)

Life TechnologiesCarlsbad,US
AppliChem GmbH, Darmstadt,Germany
Thermo Fisher Scientific, Waltham, US
New EnglandBiolabs, Ipswich, US

Carl Roth, Karlsruhe,Germany

Carl Roth, Karlsruhe,Germany

Carl Roth, Karlsruhe, Germany

AppliChem GmbH, Darmstadt,Germany

Life TechnologiesCarlsbad,US

Thermo Fisher Scientific, Waltham, US
Life TechnologiesCarlsbad,US

Life TechnologiesCarlsbad,US

Carl Roth, Karlsruhe, Germany
SigmaAldrich, St. Louis, US

Eli Lilly and Company,Indianapolis,US
Thermo Fisher Scientific, Waltham, US
Merck, Darmstadt,Germany

Life TechnologiesCarlsbad,US

Life TechnologiesCarlsbad,US

Life TechnologiesCarlsbad,US

Life TechnologiesCarlsbad,US

Carl Roth, Karlsruhe, Germany

Carl Roth, Karlsruhe, Germany
SigmaAldrich, St. Louis, US

Life TechnologiesCarlsbad,US

Life TechnologiesCarlsbad,US
SigmaAldrich, St. Louis, US

Merck, Darmstadt,Germany
Quiagen,Venlo, Netherlands

PeproTechCranbury,US



Reagent Manufacturer

RecombinantHuman OncostatintM (OSM) PeproTechCranbury,US
RecombinantHuman/Mouse/RatActivin A R&D systems,Minneapolis,US
RecombinantMurine Wnt-3a PeproTechCranbury,US

Restor& PLUS WesternBlot Stripping Buffer Bio-Rad, Hercules,US

RNAiIMax Life TechnologiesCarlsbad,US
RNaselnhibitor, 2000 U Life TechnologiesCarlsbad,US
Rock inhibitor Y-27632 StemCell Technologies

SDS SigmaAldrich, St. Louis, US
Sodium butyrate SigmaAldrich, St. Louis, US
Sodium chloride (NaCl), pure, solid AppliChem, Darmstadt, Germany
Sodium oleate, 07501 SigmaAldrich, St. Louis, US
Sodium palmitate, P9767 SigmaAldrich, St. Louis, US
Sodium pyruvate, 100 mM biowest, Nuaill'e, France

Sodium selenite SigmaAldrich, St. Louis, US
SYBRE SafeDNA gel stain Thermo Fisher Scientific, Waltham, US
T3 [T6397-100mg] SigmaAldrich, St. Louis, US
Tris-HCI Carl Roth, Karlsruhe, Germany

Trizma Base, 2-Amino-2-(hydroxymethyl1,3 SigmaAldrich, St. Louis, US

propanediol

Trypan Blue Solution, 0.4% SigmaAldrich, St. Louis, US
Vanadyl ribonucleosidg(VRC) New EnglandBiolabs, Ipswich, US
b-mercaptoethanol Life TechnologiesCarlsbad,US
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5.2.4. Solutions,mediaandbuffers

Table 10. List of solutions,mediaand buffers

Name

Ingredients

Manufacturer/description

Dul beccobs

Medium (DMEM)

Mo d i w/o glucose,sodium,HEPES

Life Technologies, Carlsbad,
us.

Basic cell culture medium

Dul beccods
Medium (DMEM) high glucose

(4.5g/L)

Mo d i GlutaMAX Supplement

Life Technologies, Carlsbad,
us.

Basic cell culture medium

HepG2 maintenancemedium

Mixture of DMEM high glucose
and w/o glucose (1.5 g/L), 10%

(viv) FBS, 200 mM glutamine, 1
mM  sodium
penicillin/streptomycin

pyruvate, 1%

For maintenanceof HepG2cells

HepG2 stripped maintenance
medium

Mixture of DMEM high glucose

and w/o glucose (1.5 g/L), 10%

(v/v) charcoal stripped FBS, 2C
1 mM sodiun
pyruvate, 1%

mM glutamine,

penicillin/streptomycin

For maintenanceof HepG2cells

HepG2 transfectionmedium

Mixture of DMEM high glucose
and w/o glucose (1.5 g/L), 10%

(viv) FBS, 200 mM glutamine, 1
mM sodium pyruvate

For transfectionof HepG2cells

HepG2 stripped transfection

medium

Mixture of DMEM high glucose
and w/o glucose (1.5 g/L), 10%

(v/iv) charcoal stripped FBS, 200

mM glutamine, 1 mM sodium
pyruvate

For transfectionof HepG2cells

HEK298T maintenancenedium

DMEM high glucose (4.5 g/L),
10%

(v/iv) FBS, 200 mM glutamine, 1
pyruvate, 1%

mM  sodium
penicillin/streptomycin

For maintenanceof HEK298T
cells

HEK?298T transfectionmedium

DMEM high glucose (4.5 g/L),
10%

(viv) FBS, 200 mM glutamine, 1
mM sodium pyruvate
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Name

Ingredients

Manufacturer/description

Huh-7 maintenancemedium

Mixture of DMEM high glucose

and w/o glucose (1.0 g/L), 10%

(viv) FBS, 200 mM glutamine,
pyruvate, 1%

mM  sodium
penicillin/streptomycin

For maintenanceof Huh-7 cells

Huh-7 transfectionmedium

Mixture of DMEM high glucose
and w/o glucose (1.0 g/L), 10%

(v/v) FBS, 200 mM glutamine, 1
mM sodium pyruvate

For transfectionof Huh-7 cells

Huh-7 transfection

medium

stripped

Mixture of DMEM high glucose

and w/o glucose (1.0 g/L), 10%

(v/v) charcoal stripped FBS, 2C
1 mM sodiun

mM glutamine,
pyruvate

For transfectionof Huh-7 cells

Fast Media Amp Agar solid

medium

1 pouch in 200 mL water, w/

ampicillin

InvivoGen, San Diego, US
Selection of bacteria containin
plasmids  with ampicillin
resistance

Fast Media Amp (Lysogency
Broth) LB liquid medium

1 pouch in 200 mL water, w/

ampicillin

InvivoGen, San Diego, US.
Growth of bacteria containing

plasmids  with

resistance

ampicillin

HepG2 freezingmedium

DMEM low glucosemedium +

DMSO 10% (viv)

Selfdiluted. For freezing of
cells

Opti-MEM Life Technologies, Carlsbad,
us.
Reduced serum media for
transfection
S.0.C.medium S.0.B. (super optimal broth) Invitrogen, Carlsbad, US. Fc
medium with glucose supple final stgp n bacterie
transformation

ment: 2% tryptone, 0.5% yeast
extract,10 mM NacCl, 2.5 mM
KCI, 10 mM MgCl 2, 10 mM
MgS04,20 mM glucose.
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Name Ingredients Manufacturer/description

TAE buffer 242 g tris (Trisma baze), 57.1 m Seltdiluted. For agarosegel
acetic acid, 100 mL 0.5 M EDT/ electrophoresis
(pH 8) ad 1000 mL waterfor 50X
TAE, dilute 1:50for 1X TAE

TrypLE Express Trypsin, EDTA Life Technologies, Carlsbad,

us.

Basic cell culture enzymefor
passaging of cells

NT2

50 mM Tris pH 7.4, 150 mM
NaCl, 1 mM MgCI2, 0.5% NP-40
sub, 0.5% VRC, 1mM DTT, 15
mM ETDA

RIP seqwashingbuffer

Polysomelysis buffer (PolyLB)

5 mM MgCI2, 100 mM KCI, 10
mM HepespH 7, 0.5% NP-40 sub,
1 mM DTT, 100 U/ml RNase
OUT, 1x PIC

RIP seqlysis buffer

RPMI/B27 media RPMI, 2% 50 x B27 (viv), 1% Gibco
penicillin/streptomycin Base media for definite
endoderm induction
DE-induction mediaday 6 RPMI/B27 media, 100 ng/ml Differentiation  medium for

activin A, 50 ng/ml Wnt3a, 0.5
mM NaBut

definite endoderm

KO-media

KO-DMEM,
replacement, 1x NEAA, D
GlutaMax, 0.1 mM b
mercaptoethanol,1% DMSO, 1%
penicillin/streptomycin

20% KO-serum

Life
US.

Technologies, Carlsbad,

Hepatocytedifferentiation

HBM-media

HBM, 20 ng/ml HGF, 20 ng/mi
OSM, 1% penicillin/streptomycin

Lonza, Basel, Switzerland.

Hepatocytedifferentiation

HBM Bullet Kit

HBM, 5 nM T3, 100 nM sodium

selenite, 1%
penicillin/streptomycin, insulin
transferrin, ascorbic acid, BS.

(fatty acid free), hyrdocortistone,
HEGF, GA-1000

Lonza, Basel, Switzerland.

Maturation of hepatocytes

Westernblot runningbuffer 10X

0.25M Tris, 1.92 M glycine, 1%
SDS

1X buffer is usedfor SDSgel
electrophoresis

DE-induction mediadays 1-5

RPMI/B27 media, 100 ng/ml
activin A, 50 ng/ml Wnt3a
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Name

Ingredients

Manufacturer/description

Westernblot TBS buffer pH 7.4 100mM Tris, 1.5M NaCl

10X

to 1X 0.1% Tween

For washing buffer after dilutiol

is adde

(TBST), for blocking 5% milk

powderis addedto TBS

5.2.5. Enzymesandmastemixes

Table 11. List of enzymesnd mastermixes

Name Manufacturer

Cut Smart New EnglandBiolabs, Ipswich, US
DNasel Qiagen,Venlo, Netherlands

Dpnl New EnglandBiolabs, Ipswich, US

FastStartUniversal SYBR Green Master (ROX)

GoTagG2 GreenMasterMix
Notl-HF

PerfeCta®Universal Primer
PhusionHotstart Il Mastermix (Pfu)
ProteinaseK

PyroMark PCRKit
Pyrophosphatasenorganic (0.1 U/ ¢ L)
gScript miRNA cDNA SynthesisSet
Quick CIP

RNaseA

RNaseOUE

StemProAccutase

TagMan® FastAdvancedMasterMix (2X)

Trypsin TrypLE Exp.Enzyme(1X) no phenolred

Xhol
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Roche,Basel, Swiss
Promega,Madison, US

New EnglandBiolabs, Ipswich, US
QuantaBio,Beverly, US

Thermo Fisher Scientifc, Waltham, US
Qiagen,Venlo, Netherlands
Qiagen,Venlo, Netherlands

Life TechnologiesCarlsbad,US
Quantabio,Beverly, US

New EnglandBiolabs, Ipswich, US
Qiagen,Venlo, Netherlands

Life TechnologiesCarlsbad,US

Life TechnologiesCarlsbad,US
Thermo Fisher Scientifc, Waltham, US
Life TechnologiesCarlsbad,US

New EnglandBiolabs, Ipswich, US



5.2.6. Kits
Table 12. List of kits

Name

Manufacturerand usage

Bio-Plex®Cell lysis Kit

Clarity MaxE WesternECL substrates

DualLuciferaseReporterAssay System

High CapacitycDNA reversetranscriptaseKit

miRNeasyMini Kit

Piercé&e BCA Protein AssayKit

PyroMark Q48 advancedCpG Reagents

QiagenPlasmidMidi Kit

QlAprep spin Miniprep Kit

gScript miRNA cDNA SynthesisSet
Qubit dsDNA BR Assay

Qubit dsDNA HS Assay

Quick Ligation Kit

RiboCop

RNaseFree DNase Set

TagMan advancedmiRNA cDNA SynthesisKit

Wizard SV Gel and PCR cleanup System
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Bio-Rad laboratories, Hercules, US. Cell lysis kit
used for protein isolation.

Bio-Rad laboratories Hercules,US

Promega, Madison, US. Luminescence assay
gene expression measurement with Firefly
Renilla luciferase.

Life Technologies, Carlsbad)S. cDNA synthesis
for mMRNA analysis.

Qiagen, Venlo, NL. Extraction of whole cell RNA
from mammalian cells.

Life Technologies, Carlsbad, US. Photome!
assay to determine protein concentration ir
suspension. Aerial dilution of BSA suspensiolis
used as standard

Qiagen, Venlo, NL. Contains buffer solutions,
nucleic acids and enzymesfor pyrosequencing.

Qiagen,Venlo, NL. Extraction of plasmid DNA
from 50 mL overnight bacteriaculture

Qiagen,Venlo, NL. Extraction of plasmid DNA
from 5 mL overnight bacteriaculture.

Quantabio,Beverly, US
Thermo Fisher Scientifc Inc., Waltham, US
Thermo Fisher Scientifc Inc., Waltham, US

New England Biolabs, Ipswich, US. Contai
buffer and ligase for ligation of inserts into
vectors.

Lexogen, Vienna, AUT. rRNA depletiokit used
for RIP-seq input control

Qiagen, Venlo, NL. Orcolumn digestion od DNA
during RNA extraction.

Life Technologies, Carlsbad)S. cDNA synthesis
for miRNA analysis.

PromegaMadison, US. Columnbasedsystemfor
clearrup of PCR productsfrom reactionsolution
or agarose gel.



5.2.7. Antibodies
Table 13. List of antibodies

Name Manufacturerand description

11A9 SigmaAldrich, S. Louis, US
Anti-6X His tag® antibody (ab9108) Abcam, Cambridge,United Kingdom
MouselgG1 kappaisotype Control Life TechnologiesCarlsbad,US
Polyclonal Goat Anti-Rabbit  Agilent Dako, SantaClara, US

immunoglobulins/HRP

Recombinant  Anti-DDDDK tag antibody Abcam,Cambridge,United Kingdom
(ab205606)

HSP90(C45G5)Rabbit mAb Cell Signaling Technology,Danvers,US
2E121C9 Abnova, Taipeh, Taiwan

5.2.8. PrimersandTagManassays

SYBR greenprimer were acquiredfrom IDT (Coralville, US), TagMan Assay were purchasedrom
Thermo FisherScientific (Waltham, US).

Table 14. Genomicprimer designedfor luciferasereporter assays

Name Sequence Melting Product
temperature size
[°C]

THRA-34a2F 5 6 A TWTGAGCCATCACTCATAACACACATACC  60.0 224 bp

THRA-34a2R 5 6 GCGGCC@A®GGTCCCACCCCTCCCTGGGGAA 60.0

34a5pTHRB_F2 5 6 A TGWDTGABAACTTTCCTGCCCAACCTG 60.1 358bp

34a5pTHRB_R2 5 0 GCGGCC@&ACCTAGAATTACAAATCTA 59.4

DIO1_34a_F 506 A TAOTGAGGGCTTTTACCCTTGACCTG 60.1 381bp

DIO1 34a_R 5 6 GCGGCCATAGTGTCTTAAATGATCAATT 59.2

SLC10A1 34a F 5 0 A TATGAGCTTCCCTTTTGACATTATTGG 59.7 358bp

SLC10A1 34a R 5 0 GCGGCCABAATTTTATTAGAGACAATTTGAAAT 586

pmirGLO Seq F 50 CGAGGTGCCTAAAGGACTGA 60.3 -

pMIrGLO Seq R 56 GTTGTGGTTTGTCCAAACTCATC 952 -

Notl and Xhol cutting sitesare depictedin red.
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Table 15. Primer designedor QuickChangePCR of luciferaseassays

Name Sequence
THRB_miR34a5p_qc_F 56CCTTTGCCTTT GQGCITGCCTBTCTTGGAAATATTG
THRB_miR34a5p_qgc_R 56CAATATTTC GCBEGAARAGGTAGGCAAAGGCAAAGG

The seedbinding site is depictedin red, the point mutationis bold.

Table 16. Primer designedor bisulfite sequencing

Name Sequence

GTTTTATTGGAAAGGAAGGATTAGG
AACCAACAAATCTACHAKMIMACAACTTC
ATTAATAAATTATATGGGTTTTTGG
AAGATAGAAGAGAGTTGGAAGTTAAG
TATTACATTTCCATCGBACCTCTAACC
AGTTTGTTTATTTAAGAGGTT

(@)

BS_THRB_P1 F2
BS_THRB_P1_R2

[@))

(@)

BS_THRB_P1_S2
BS_THRB_P2_F1
BS_THRB_P2_R1
BS_THRB_P2_S

(@)

(@)}

GGTTAGGTTTAGAGGAAAGTTAAAAAGT
TACACCACTCTACATTCCTCATAATCTC
TTTAGAAAAGGATGATTTAGTTTAT
GGGTTGTAGGGGTGATTTGGT

(@)}

THRB P3_2F1
THRB P3_2R1

(@)}

(@)}

BS_THRB_P3 S3

(@)}

BS_MIR34AHG_P2_F1
TACCCCATACTCOBI@CCTATA

o

BS_MIR34AHG_P2_R1
BS_MIR34AHG_P2_S2

o o1 o0 o1 o0 o1 oo o1 o1 o1 Ol
(@)

(@)

GGTGGGAAGGGATAT

Table 17. List of primer for measuringof mRNAexpressiorevels using SYBRgreen

Name Sequence Species
hTHRA_gPCR_f 56 AGGTCACCAGATGGAA
- - Human
hTHRA_gPCR_r 566 AGTGATAACCAGTTGC
HsSTHRB_FcDNA 566 TGGGACAAACCGAAGC
- Human
HsSTHRB2_RcDNA 566 TGGCTCTTCCTATGTA
HsDIO1_FcDNA 566GTCGTGGGTAAAGTGC
- Human
HsDIO1_RcDNA 566GTTCCGCTTGACTCTG
hSLC10A1_gPCR_f 56 AAGGACAAGGTGCCCT
- - Human
hSLC10A1_gPCR_r 56TTGAGGACGATCCCTA
HsSLC16A2_FcDNA 56 CCACGCCTACGGTAGA Human
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Name Sequence Species

HsSLC16A2 RcDNA 56CAGAGTTATGGATGCC

HsCASC3_FcDNA 56 ACCTCGGAAAGGGCTC
Human

HsCASC3_RcDNA 56 CGACCCTCATCCTTCC

CYP7A1_gPCR_F 5606AGCATTGACCCGATGG
- - Human

CYP7A1_gPCR_R 56TCCGTGAGGGAATTCA

hCYP27A1 F 56 CAGCACGACCTGACCT
Human

hCYP27A1 R 56 TGGTCCAGTCGAGTCA

hTHRSP F 56 CAGGTGCTAACCAAGC
- Human

hTHRSP_R 56 CAGAAGGCTGGGGATC

hFASN 56 AAGGACCTGTCTAGGT
Human

hFASN 56 TGGCTTCATAGGTGAC

Malic enzymel F 50 GAAAGAGGTGTTTGCC
Human

Malic enzymel R 56 AATTGCAGCAACTCCT

TRalfwd 56GTGACTGACCTCCGCA
Mouse

TRalrev 56 ATCCTCAAAGACCTCC

TRa2fwd 56GTCTCTGACGCCATCT
Mouse

TRa2rev 566ACAACATGCATTCCGA

TRb1 fwd 56 ACACCTTATCCAGGCC
Mouse

TRb1rev 56GTGGTACCCTGTGGCT

B2m F 5NJCCCCACTGAGACTGAT
- Mouse

B2m R 5NJCGATCCCAGTAGACGG

Diol frw 56GCTGAAGCGGCTTGTG
- Mouse

Diol rev 56GTTGTCAGGGGCGAAT

Slc10alfrw 56CAAACCTCAGAAGGAC
Mouse

Slcl0alrev 56GTAGGAGGATTATTCC

Slcl6a2frw 56CGGCTGGATAGTGGTG
Mouse

Slcl6a2rev 56CAGAGTTATGGATGCC

Acc frw (Acaca) 56 ATGGGCGGAATGGTCT
Mouse

Acc rev (Acaca) 566 TGGGGACCTTGTCTTC

Actb frw 50 ACTGAGCTGCGTTTTA
- Mouse

Actb_rev 56TGCTCCAACCAACTGC
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Table 18. List of primersusedfor miRNAexpressiormeasurement

Name Sequence

hsamiR-34a5p 506 GGCAGTGTCTTAGCTGGTTGTAAAA
hsamiR-155-5p 56 TGCTAATTGTGATAGGGGTAAAAA
hsamiR-224-3p 56 TGGTGCCCTAGTGACTACAAAA
hsamiR-24-3p 56 TGGCTCAGTTCAGCAGGAACA

Table 19. List of TagManAdvancedAssaysusedfor miRNAexpressiormeasuring

ID Gene Dye
478048 _mir miR-34a5p FAM
478050_mir miR-34b-5p FAM
478052_mir miR-34c5p FAM
477992_mir miR-24-3p FAM
483064 _mir miR-1555p FAM
478780_mir miR-224-3p FAM
477855 _mir miR-122-5p FAM

5.2.9. Mimics andinhibitors
MicroRNA mimics and inhibitors were purchasedrom Life TechnologiesCarlsbas,US.

Table 20. List of miRNAmimicsand inhibitors

ID Mature miRNA
MC11030 hsamiR-34a5p
MH11030 miR-34&5p inhibitor
MC15149 miR-224-3p
MC28440 miR-1555p
MH28440 miR-1555p inhibitor

5.2.10.Vectorsandplasmids

For Luciferase assaysthe pmirGLO vector from Promega (Madison, US) was used, which is
specifically designed for qualitative measurement of miRNA activity. The plasmid contains the firefly
luciferasegenewith a multiple cloningsite at the 3 @ntranslatedegion (UTR) to insert the potential
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MiRNA binding site.Firefly luciferaseis used to measuraniRNA binding while the Renilla luciferase
is used for normalization.

For testing of possible tags at thet&tminus of the THRB gene plasmids were designed using
VectorBuilder (Chicago, US). The vector contained a human cytomegalovirus immediate early
enhancer/promotor (CMV) region, followed by the Kozak translation initiation sequence, which is
immediately followed by the THRB sequence[NM_001128176.3].For the THRB-6xHis and the
THRB-3XFLAG plasmidsHis-Tagsand FLAG-Tagswere addedrespectively,before the stop codon of

the THRB sequence.

Table 21. List of luciferaseplasmids

Name Contents

pmirGLO-THRA-34a2 pmirGLO vector with insert of THRA 3 6 U ToR
potential miR34a5p binding site 2

pmirGLO-THRB-6mer34a pmirGLO vector with insert of THRB 3 6 U TaR
potential miR-34a5p 6mer seedbinding site

pmirGLO-DIO1-7mer34a pmirGLO vector with insert of DIO1 3 6 U ToR
potential miR34a5p

pmirGLO-SLC10AL7mer34a pmirGLO vector with insert of SLC10A1 3 & TR at
possiblemiR-34a5p 7mer seed binding site

pmirGLO-THRB-6mer34aQC pmirGLO-THRB-6mer34a vector with point mutation
in seed sequence

5.2.11.Mousemodels
5.2.11.1. Metformin treatedhigh-fat diet mousemodel

The metformin mouse experiment was performed by Natalie Taege [251]. Male C57BL/6N mice were
randomized into a chow dieand a higkfat diet (HFD) for 12 weeks. The HFD mice were again
randomized intdawo groups and fed HFD for an additional 6 weeks during which one HFD group was
treated with metformin (250 mg/kgBW/day). Mice were sacrificed after 18 weeks, anesthesia with
isofluranefollowed by decapitation tissue was removed,snapfrozen and storedat -80°C.

5.2.11.2. Cholinedeficienthigh-fat diet (CD-HFD) mousemodel

The mouse model was conducted in the lab of Rubén Nogueiras at the University of Santiago de
Compostelain Spain. Eight week old male C57 BL/6J mice had ad libitum accessto standarddiet

(STD) or cholinedeficient and high fat diet (D05010402,Researchdiet, containing 45% fat). Mice

were sacrificedafter 6 weeks (standard diet n = 6, IFD n = 7), after 16 weekétandard diet = 8,
CD-HFD n = 10) and after a total of 52 weeks(standarddiet n = 8, CD-HFD n = 9) [252 255]. The

model was usedto mimic MASLD progressionfrom steatosisto steatohepatitis.

5.2.11.3. Methioninecholinedeficientdiet (MCDD) mousemodel

The mouse model was conducted in the lab of Rubén Nogueiras at the University of Santiago de
Compostela in Spain [25255]. Eight week old male C57 BL/6J mice were fed an STD (n = 5) or
methioninecholine deficient diet (A02082002BR,Researchdiets) for 6 weeksto detectfibrosis.
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5.2.11.4. Carbontetrachloride(CCls) treatedmousemodel

The mouse model was conducted in the lab of Rubén Nogueiras at the University of Santiago de
Compostelain Spain[253i 255]. Eight week old male C57 BL/6J mice had ad libitum accesgo STD

and injected with either 0.6 mL/kg carbon tetrachloride(CCl) (n = 6) or only the vehicle corn oil

(VEH) (n = 6) one a week for 6 weeksto induceliver fibrosis.

5.2.12 Bacteria

For transfor mat i omceli (MYE Bfficiency); a meieate efdoli K12, from New
England Biolabs, Ipswich, US were used.

Genotype:f hu A2 acdgfFuUl169 phoA glnVv44d G80@(l acz) M5 gyr A9
hsdR17.

5.2.13.Cell lines

Cell line Manufacturer Description

BIHI005-A Berlin Institute of Health, Berlin, Germany Epithelial derived stemcells
from male donor

BIHiO01-B Berlin Institute of Health, Berlin, Germany Epithelial derived stem cells
from male donor

HepG2 American Type Culture Collection, ManassasJS Hepatoblastoma cells of a 1
year old male Caucasis
patient.

HEK298T American Type Culture Collection, ManassasJS Human embryonic kidne
cells derived from a femal
fetus.

Huh-7 CLS Cell line Service,Eppelheim,Germany Hepatocyte carcinoma cells
from a 57 year old Japanese
male.

5.2.14 Hardware

Analysis, statistics and assay designswere performedon Dell Inspiron 15 700 (Intel® CoreE i7-
10750H CPU 2.60GHz, 16 GB RAM)

5.2.15.Software

Name Manufacturer Version
BioRender BioRender, Toronto, CA
GraphPadPrism 10 GraphPadSoftwarelnc, US v10.2.1
Office 365 Microsoft Corporation,

Redmond, US
PyroMark Q48 Autoprep Qiagen,Venlo, NL v2.4.2
PyroMark AssayDesign Qiagen,Venlo, NL v2.0.1.15
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https://www.google.com/search?sca_esv=d4b7a29fd02e8386&rlz=1C1CHZN_deDE952DE952&sxsrf=AHTn8zrLwVI4AMcZYqJxrx1IzPxA6A_jFA%3A1741100526302&q=GraphPad%2BSoftware%2C%2BInc&stick=H4sIAAAAAAAAAONgVuLSz9U3MM0wysjJWMQq5l6UWJARkJiiEJyfVlKeWJSqo-CZlwwAEBBHUicAAAA&sa=X&ved=2ahUKEwj7uY3z2PCLAxWtVfEDHamoPI4QmxMoAHoECDIQAg

Name Manufacturer Version

QuantStudioDesktop gPCR Applied Biosystems, Foster v1.3.1

City, US
RStudio, statisticand modeling  RStudio, Inc, Boston, US v4.3.1
Unipro UGENE, molceular (Okonechnikov et al., 2012) and V41.0
biology NCIT

UNIPRO, LLC, Novosibirsk,

RU
Jamovi Opensource v.1.8.1

5.3. Methods

5.3.1. Targetgenepredictionof miRNAs and RNAfoldingof3 6 UT R s
Targetgenesfor miR-34a5p were predictedas describedpreviously[256].

For prediction of RNA secondarystructurefor analysisof 3 6 U iRding of miRNAs CentroidFold
was used [257,258]

5.3.2. RNA extractionfrom liver tissue

RNA was extracted fromapproximately 15 mg frozetiver tissue using the miRNeasy mini Kit as
indicatedby the manufacturerThe liver samplewas transferredinto a 2 ml screw cap microtubewith

5 ceramicbeadsand 700 pl QIAzol Lysis Reagentadded.The sampleswere homogenizedusing the
Bead Ruptor 24 shaking on intensity 5, twice for 20 seconds and placed rabm temperature for 5
minutes. 12Qul Chloroform was added to th&ubes and the samples vigorously shakenl5 seconds
before pacing the samples for 3 min at room temperature. For phase separation the samples were
centrifugedfor 15 min at 4 °C and 12 000 x g. Afterwards, #tieous phase was transferred to a new
microtube and 1.5 volumes of ethanol were added and mixed. The sampleswere transferredto a
column, washedand the flow-through was discarded.The RNasd-ree DNase Setvas used for on
column DNA digestionof the liver sampleswhich was performedas per manufacturer instruction40

pl of DNasel were diluted with 70 uL RDD buffer, gently mixed and pipetted directly onto the
column membrane. Digestion waerformedat room temperaturefor 15 min, afterwards,the samples
were washedand the flow-through discarded.Elution of purified RNA was done using 50 pL of
RNasefree water. The concentrationof the sampleswas measuredusing the NanoDrop, the 260/280
and 260/230 ratios were utilized to ascertainRNA quality. All RNA sampleswere storedat -80 °C

until further use.

RNA extractionof humanliver sampleswas performedby Christin Krause.

5.3.3. RNA extractionfrom cell culture

For RNA extraction from cells, the miRNeasy mini Kit was used to the specifications of the
manufacturer.Cells from a 6-well plate were washedwith 1 mL PBS and then lysed using 700 pL
QIAzol Lysis Reagent.The cell lysate was transferredto a microtube and 120 pL chloroform was
added.The RNA extraction and DNA digestiowas further performed as described above (5.3hg
RNA was elutedin 30 pL RNasefree water and storedat -80 °C until further use.
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5.3.4. Synthesiof MRNA-cDNA

For analysis of mRNA expression levels, the RNA first has to be reverse transcribed into
complementary DNA (cDNA). To prevent RNA degradation, due to the unstable nature of RNA, the
protocol is performedon ice and the workplace and tools were treated withRNaseZARE to create a
RNase free environmentor cDNA synthesis the HiglCapacity cDNA Synthesis Kit was used as
indicatedby the manufacturerFor eachreaction1 ug of RNA wasusedin a total reactionvolume of

20 pL. Eachreactionfurthermorecontained2 pl 10x RT Buffer, 0,8 uL 25x dNTPSMix (100 mM), 2

pL 10x RandomPrimers,1 pL Multiscribe RT, 1 pL RNase Inhibitor and nucleasé&ee water.The
reversetranscription(RT) was performedin a thermal cycler for 10 min at 25 °C, 120 min at 27 °C

and the reverse transcriptase was heat inactivated at 85 °C for 5 min. Each experiment included a no
enzyme (NoRT) and a no template control (NTC). The stock cDNA concentrationwas 50 ng/uL,

which was diluted 1:10 to a final concentrationof 5 ng/uL for gene expressionanalysis using
guantitative real time Polymerasechain reaction (QRT-PCR). The cDNA was stored at -20 °C until

further use.

5.3.5. Synthesioof mMiIRNA-cDNA

For analysis of miRNAexpressionthe miRNAs have tobe reversetranscribed into cDNADue to the
small nature of miRNAs they have to be elongated whichcan be achieved by polyadenylaticend
adapters.Two methodswere used for miRNA-cDNA synthesis,the TagMan® Advanced miRNA
cDNA synthesiskit which uses polyadenylationand adaptersand the Quanta BiosciencesqScript
miRNA cDNA synthesisSet which usespolyadenylation.

The TagMan® Advanced miRNA cDNA Synthesis Kit was used according to manufacturer
specifications.The RNA sampleswere diluted to a concentrationof 5 ng/uL to, 2 pL were utilized for

a final RNA amount of 10 ng fothefirst step, wherea poly(A) tail is addedto themi RNA 3Tbee nd .
RNA is addedto thereactionmix (Table 22) and incubatedh thethermocycler accordingto Table 23.

To add the adaptor, which functions as forward primer binding site adaptor ligation reaction mix

(Table 24) is addedto the polyadenylatedRNA, the ligation takes place in a thermal cycler as
describedin Table 25. For reversetranscriptionof RNA into DNA the reversetranscriptionreaction

mix (Table 26) was added to the RNA and the reaction was run on a thermal cycler with the program
describedin Table 27. In the final step the cDNA is amplified (miBRmp), 5 uL of the reverse
transcriptionproduct was usedin the reactionand mixed with the miR-Amp reactionmix (Table 28)

and incubatedin a thermo cycler as describedin Table 29. After amplification the cDNA is diluted

1:10 in RNasefree water for TagMan® AdvancedgPCR, cDNA was storedat -20°C.

Table 22. Reaction mix for TagMan® Table 23. Programfor TagMan® polyadenylation
polyadenylation

Component Volume Step Temperature | Time

10X Poly(A) Buffer 0.5puL Polyadenylation | 37°C 45 minutes
ATP 0.5uL Stop reaction 65°C 10 minutes
Poly(A) Enzyme 0.3puL Hold 4°C Hold
RNasefree water 1.7 uL

Total volume 3.0puL
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Table 24. Reaction mix for TagMan®

adaptor ligation

Table 25. Programfor TagMan® adaptor ligation

Table 26. Reaction mix for TagMan®

reverse transcription

Component Volume Step Temperature | Time

5X DNA Ligase Buffer 3.0puL Ligation 16°C 60 minutes
50% PEG 8000 4.5puL Hold 4°C Hold

25X Ligation Adaptor 0.6 uL

RNA Ligase 1.5uL

RNasefree water 0.4 uL

Total volume 10 uL

Table 27. Programfor TagMan®reversetranscription

Table 28. reaction mix for TagMan® miR-

Amp reaction

Component Volume Step Temperature| Time

5X RT Buffer 6.0 uL Reverse 42°C 15 minutes
dNTP Mix (25mM each) | 1.2pL transcription

20X UniversalRT Primer | 1.5uL Stopreaction 85°C 5 minutes
10X RT EnzymeMix 3.0pL Hold 4c Hold
RNasefree water 3.3uL

Total volume 15 L

Table 29. Programfor TagMan(R)miR-Ampreaction

Component Volume Step Temperature | Time Cycles
2X miR-Amp MasterMix | 25pL Enzyme 95°C 5 minutes | 1
20X miR-Amp  Primer | 2.5puL activation
Mix Denature 95°C 3 seconds
RNasefree water 17.5puL Anneal/Extend | 60°C 30 14
Total Volume 45 uL seconds
Stopreaction | 99°C 10 1
minutes
Hold 4°C Hold 1
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The Quanta Bioscience (qScript mi RNA c¢cDNA Synthes

specification. 1 ug of RNA was utilized for the polyadenylation reacfieble 3Q and incubated as
described inTable 31 For reverse transcription the reaction mix as describedable 32and the
incubationprogramin Table 33 were used. The resultingcDNA was storedat -20°C and diluted 1:10
in RNasefree water for qPCRs.

For both cDNA synthesismethods, each experimentcontaineda no reversetranscriptase and a no
template control.

Table 30. Reaction mix for Quantdlable 31. Program for Quanta BioscienceqScript

Bioscience gScript  polyadenylation polyadenylationreaction
reaction
Component Volume Step Temperature | Time
5x Poly-A Buffer 2 uL Polyadenylation | 37°C 60 minutes
RNA (1 pg) X pL Stop reaction 70°C 5 minutes
Nucleasefree water X uL add Hold 4°C Hold
to end
volume
Poly-A Polymerase 1L
Total Volume 10 L

Table 32. Reaction mix for Quantalable 33. Program for Quanta Biosciencereverse

Bioscience reverse transcription transcription
Component Volume Step Temperature | Time
PolyadenylatedRNA 10 uL Reverse 42°C 20 minutes
mIRNA cDNA Reaction | 9 pL transcription
Mix Heat 85°C 5 minutes
qScript RT 1L deactivation
Total Volume 20 L Hold 4c Hold

5.3.6. gRT-PCR

Quantitative real time PCR (gRT-PCR) was used to measureexpressionlevels of miRNAs and
MRNAs. The SYBR green systemwas usedto measurerelative mRNA expressio(iTable 34, Table

35), while both theSYBR Greensystem(Table 38,Table 39) and TagMan® assays (Table 36,Table 37)
were utilized for quantitative analysis of miRNAs. For normalization of mRNA expressionCASC3

was used as a housekeeperfor human derived samples and ActinA/B2m for mouse samples.
Expressionof miRNA was normalizedto miR-24-3p in human and mice. Analysis was performed
using the Pfaffl method [259].

Human cohort miRNAs were measurediy Veronika Hartman and mRNAs by Christin Krause.
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Table 34. Reactionmix for mMRNACDNA  Table 35. Program for mMRNACDNA gRT-PCR with

SYBR green gRPCR melt curve analysis
Component Volume Step Temperature| Time Cycle
Forward Primer (10 uM) 0.5puL Initial 95°c 10 minutes 1
ReversePrimer (10 uM) 0.5uL denaturation
FastStartUniversal SYBR | 5.0 uL Denaturation 95°¢C 15 seconds 40
Green Master (ROX) Elongation 60°C 1 minute
cDNA (5 ng/pl) 4.0 uL Melt Curve Stage
Total Volume 10 L Denaturation 95°C 15 seconds

Elongation 60°C 1 minute 1
Denaturation 95°C 1 second

Table 36. Reaction mix for TagMan®  Table37. Programfor TagMan®qRT-PCR

gRTPCR
Component Volume Step Temperature | Time Cycle
TagMan® Fast Advanced | 5 L Enzyme 95°C 20 seconds 1
Master Mix (2X) activation
TagMan® Advanced | 0.5 L Denature 95°C 3 seconds
MIRNA Assay (20X) Anneal/Extend | 60°C 30 seconds 0
RNasefree water 0.5uL
Diluted cDNA sample 4.0 uL
Total Volume 6 uL

Table 38. Reactionmix for miRNACDNA Table 39. Program for miRNACDNA SYBRgreengRT
SYBR green gRPCR PCR

Component Volume Step Temperature| Time Cycle
Specific  MIRNA Assay| 0.2 uL Activation 95°C 2minutes | 1
Primer (104M) Denature 95°C 5 seconds
PerfeCta Universal Primen 0.2 L Annealing 60°C 15 seconds | 40
(10 pM)

Extension 70°C 15 seconds
RocheSYBR Green 5.0 uL

Melt curve
Nucleasédree water 0.6 L

MiRNA-DNA (2.5 ng/ul) | 4.0 uL

Total volume 10 puL
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5.3.7. Cultivation of cells

All immortalized cancercell lines were kept at 37°C with 5% COz and 90% humidity. Cells were

thawed by transferring the celfsom a cryotube into 9 ml of their respective fwrarmed maintenance
medium, followed by centrifugationfor 5 min at 300 xg. The old mediumwas discarded and the cell
pellet was resuspended irl2 ml maintenance mediurand transferred into a T75 cell culture flask.
Medium was changed three times a week and cells were sub cultivated 1:10 after reaching 80%
confluency. Detachmentof cells was reachedby cultivating with trypsin for 5-20 min at 37°C,
dependingon cell line and then diluted in maintenancemedium

5.3.8. Differentiationof iPSCderivedhepatocytes

The human pluripotent stem cells were acquired from Katarzyna Ludwik from Charite, Berlin,
Germany. The protocol for differentiation into hepatocyteswas developed by Ludwik et al.
(unpublished).To prevent spontaneoudifferentiation and increase efficiency of definite endoderm

(DE) differentiation, iPSCs were first adapted to ROCK inhibitor (ROCK:i). Frozen aliquots of ROCKIi
adapted iPSCs, containirigbx1® cells/mL, were thawed in a water bath at 37°C, the cells were then
transferredinto 10 ml of prewarmedmTeSR medium with ROCKi and centrifugedfor 5 minutesat

300 xg. For expansionof the cells the pellet was resuspended ih0 ml mTeSR+ROCKi mediunand

plated on a Geltrex coated10 cm tissueculture dish. The cells were cultivated until they reached70-

80% confluence and then passagasing accutase. Medium wabhanged dailyexcepton Saturday the

cells were given double the amount of medium, negating the feeding on Sunday. On day 0 of the
differentiation scheme(Table 40) the cells were replatedonto a 6 well plate with 1.3x1G cells/well.

For differentiation the medium was changed daily according to schedule with different media used for
differentiation into endoderm and mature hepatotikee cells. At day 7 of the differentiation the cells

were tested for their differentiation status using flow cytometry. The marker CXCR4 was used to

check for definite endoderm, the differentiatiomas continued if more tha®0% of cells contained
CXCR4. After the differentiation completedon day 28 the cells were directly usedfor experiments.

Table 40. Feedingscheduldor iPSC differentiation

Day Weekday Media Action Additional Steps
-5 Thursday MTeSR+RI Thawing

-4 Friday MTeSR+RIi Media Change

-3 Saturday MTeSR+RIi Media Change Double feeding
-2 Sunday mTeSR+RIi

-1 Monday MTeSR+RIi Media Change

0 Tuesday MTeSR+RIi Replating

1 Wednesday DE-in.media +NaBut =~ Media Change

2 Thursday DE-in.media +NaBut =~ Media Change

3 Friday DE-in.media +NaBut =~ Media Change

4 Saturday DE-in.media +NaBut =~ Media Change Double feeding
5 Sunday DE-in.media +NaBut

6 Monday DE-in.media -NaBut Media Change
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Day Weekday Media Action Additional Steps
7 Tuesday KO-media Media Change FACSd7

8 Wednesday KO-media Media Change

9 Thursday KO-media Media Change

10 Friday KO-media Media Change

11 Saturday KO-media Media Change Double feeding
12 Sunday KO-media

13 Monday KO-media Media Change

14 Tuesday HBM-Media Media Change

15 Wednesday HBM-Media Media Change

16 Thursday HBM-Media Media Change

17 Friday HBM-Media Media Change

18 Saturday HBM-Media Media Change Double feeding
19 Sunday HBM-Media

20 Monday HBM-Media Media Change

21 Tuesday Bullet Kit Media Change

22 Wednesday Bullet Kit Media Change

23 Thursday Bullet Kit Media Change

24 Friday Bullet Kit Media Change

25 Saturday Bullet Kit Media Change Double feeding
26 Sunday Bullet Kit

27 Monday Bullet Kit Media Change

28 Tuesday Bullet Kit Harvest/Experiment

5.3.9. Metabolomictreatmentof cells

Cells were treated with different concentrations of fructose over different time periods. Fructose was
dissolved in either cell line specific maintenance medium or transfection medium, if cells were
simultaneouslytransfectedwith miRNA mimic or inhibitor.

For treatment with oleate palmitate a 10% BSA solution was prepared over night. All materials were
prewarmedto 50°C and palmitate and oleate salts were each weighed in 1.5 ml microtubesand
dissolvedin 0.1 M NaOH at50°C for approximately 10 minutefissolved palmitate and oleate were
each transferredto prewarmedBSA solution for a final concentrationof 5 mM in 7.5% BSA. For

control a 7.5% BSA solution was preparedwith 0.1 M NaOH. Cells were treatedwith a total oleate

and palmitate concentrationof 0.5 mM with 0.167 mM palmitate and 0.33 mM oleate for different

time durations.The fatty acidswere addedto the cell specific maintenancemedium.

For high glucosetreatmentDMEM high glucosemedium 4.5 g/L was usedwithout further dilution.
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Insulin treatmentwas performedwith Humalog (Eli Lilly) and was freshly added daily to the treated
wells. A final concentration 0£00 nM and 500 nM was used in the experiments, though iPSC derived
hepatocytdike cell experiments used an estimated insulin concentration due to the unknown insulin
concentrationin the Bullet KitE medium.

All experimentswere conductedwith cell passagebetweenP1025.

5.3.10.Transfectiorof miRNA mimics

For transfectionof cells with miRNA mimics and inhibitors, 200.000cells were seededper well on a
6-well plate. Transfectiorwas performed orday of cell seeding. MiRNA mimics and inhibitors were
dilutedto a concentration ofl0 puM. For the transfectionreaction2.5 pL RNAIMAX were mixed with
250 pL Opti-MEM, the mixture wasncubated aroom temperature fob minutes. Inthe meantime 2.5
ML of mimic/inhibitor were used per reaction and mixed with 250 puL @ffEM. Both reactions were
mixed and incubated another 20 minutes at room temperature.After incubation 500 pL reaction
mixture were addedto the cells and incubatedfor 24 or 48 hours, dependingon the experiment

For experimentsvith additional & stimulation HepG2 cells were keph FBS stripped mediunfor 48
hours before transfectionand after. Ts was addeddaily with fresh medium with an end concentration
of 10 nM or 50 nM, NaOH was usedfor 0 nM control.

5.3.11.Polymerasehainreaction(PCR)

For amplification of genomic DNA two different polymerases were used. For amplification of inserts
(Table 41, Table 42) and QuickChangePCR (Table 43, Table 44) the Pfu (Phusion Hotstart I1)
polymerase was usedlue to the proofreading functiofRurification of inserts was done using a 1%
agarosegel SYBR Safe (1:10.000)and the Wizard SV Gel and PCR cleamp Systemwhile plasmids
were directly purified with the cleanup System. The purification was done according to
manufacturero6s instructions.

Colony PCRs, for selection of positive bacteria clones for sequencing,were done using Taq
polymerase(GoTaq). For the colony PCR, bacteriacolonies were picked and transferredinto 15 uL
1XTE buffer andlysed for 5 min at 95 °C. The lysate was centrifugedat full speedfor 10 minutesand
8 ul of the supernatantransferredo a new tubeThe colonyPCR was performedas describedin Table
45andTable 46

Table 41. Reactionmix for amplification of Table 42. Programfor amplification of inserts
inserts

Components Volume Step Temperature | Time Cycle
2X Pfu MasterMix 25puL Initial 98°C 30seconds | 1
Forward primer (10| 1 puL denaturation

pUM) Denaturation | 98 °C 10 seconds

Reverse primer (10| 1puL Annealing x °C 10seconds | 35
uM) Elongation 72°C 15s/kb

DNA (50 ng/pl) 25pL Final 72°C 5 minutes
Nucleasédree water 20.5puL elongation 1
Total volume 50 uL Hold 4°C
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15-30 s/kb Annealing dependingon primer

Table 43. Reactionmix for QuickChange

Table 44. Programfor QuickChangePCR

PCR
Components Volume Step Temperature | Time Cycle
Pfu MasterMix 25 uL Initial 98 °C 30seconds |1
Forward primer (10| 1pL denaturation
uM) Denaturation | 98 °C 30 seconds
Reverse primer (10| 1L Annealing 55°C 1 minute 12
uM) Elongation 72°C 1 min/kb
Plasmid(10 ng/pL) Lok Final 72°C 10 minutes
Nucleaséree water 22 uL elongation 1
Total volume 50ul Hold 4°C Hold

Table 45. Reactionmix for colonyPCR Table 46. Programfor colony PCR
Component Volume Step Temperature | Time Cycle
GoTagMasterMix 5puL Initial 95°C 2 minutes 1
Forward primer (10| 0.4 puL denaturation
M) Denaturation | 95 °C 3 seconds
Reverse primer (10| 0.4 puL Annealing x °C 30 seconds | 30
uM) Elongation 72°C 1 minute
Nucleaseree water 2.2uL Final 72 °C 5 minutes
Supernatant 2 UL elongation 1
Total volume 10 pL Hold 4°C Hold

5.3.12.Ligation andrestrictiondigestion

To prepareinserts and vectorsfor ligation both were digestedwith the restriction enzymesNotl and
Xhol accordingto Table 47 and Table 48. After digestion0.25 pL of Quick CIP enzymewas addedto
thereactionmix containingthe vector and incubatedfirst for 10 min at 37°C and heat activatedat 80
°C for 20 min to dephosphorylatéhe vector and preventrelegationwithout insert. Insert and vector
were purified after digestionon Millipore membranes.
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Table 47. Reaction mix for vector and  Table 48. Programfor vectorand insertdigestion
insert digestion

Component Volume Step Temperature | Time

Notl lpuL Digestion 37°C 15 minutes
Xhol 1L Deactivation | 65°C 20 minutes
Cut Smart 5uL

Nucleasefree water X

Insert (200 ng) or| x
vector (1 ug)

Total volume 50 pL

For ligation the Quick Ligation Kit was used,vector and insert were addedto the reactionmix (Table
49) in a 1:3 ratio and incubatetbr 15 minutesat roomtemperature. The plasmids weten stored at
20°C or directly usedfor transformation(see5.3.12)

Table 49. Reactionmix for ligation

Component Volume
Quick ligation | 10 uL
buffer

Quick ligase 1L
Vector (50 ng) X ML
Insert (X ng) X ML
Nucleasdree X pL
water

Total volume 20 pL

5.3.13.Transformatiorandcloning

Transformation wagarriedout using50 O L N E &#pgteniE. Coli with 5 pL of ligation mix, after

30 min incubation on icdneat shockwas performedfor 30 s at 42°C on a heatblock. After heatshock

the bacteria were placed on ice for 5 min. 250 pL room temperature SOC medium was added and the
bacteriaincubatedl1.5 h at 37°C shakingat 300 rpm. After incubation100 and 200 pL bacteria were
spreadon agar plates containingampicillin and incubatedat 37°C overnight.

Transformation was confirmed using sanger sequencingand colony PCR (see 5.3.10). Agar plates
were stored a#t°C up to six weeks.
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5.3.14.Mini andMidi plasmidpreparation

Miniprep was performed using the QIAprep® Spin Miniprep Kit accordingto manuf act ur er 0
instructionsfor centrifuge processing. The midiprep was performed using the Qiagen Plasmid Midi

Ki t was perfor med according to the manufacturerd

deviations. Samples were centrifuged @97 xg instead of 20,000 xg for 30 min at 4°C, after
centrifugation the supernatantwas filtered using a pleatedWhatman filter instead of a second
centrifugationstep, before the supernatantvas addedto the column.

5.3.15.Transfectiorof plasmids

For Luciferase assays HEK298T cells were seeded iwed6plates (20.000 cells/well) in HEK298T
transfection medium anishicubated for 24 h at 37 °C, 5% €@nd 90% humidity. Per well 0.25 pL of
lipofectamine 2000wvas mixed with 4.74uL of Opt-MEM and incubated foB-10 minutes. In addition

100 ng plasmid were mixed with miR-34a5p mimic (end concentration10 nM) in Opti-MEM in a

total volume of 5 pL. Both reaction mixes were combined and incubated for 15 minutes at room
temperature and 10 pL transfection mix were added to the cells. Cells were incubated for 48 h after
transformationand luciferaseactivity was measureddirectly after.

To test the suitability of tags to the THRB gene Huhnd HEK298T cells were transfected with the
respective plasmids. Cell were seeded 4well plates (200.000 cells/well) in transfection medium and
incubated for 24 h at 37 °C, 5% CQ and 90% humidity. The transfectiomix contained 2 L
Lipofectamin 3000 and 123 pL Opti-MEM per well and was incubatedfor 5-10 minutes. The plasmid
mix contained 100 ng plasmid i@pti-MEM in a total volume of 125 pL per well. Transfection and
plasmid mixtures were mixed together and incubated for 15 minutes at room temperature. 250 uL of
reaction mix were addedto each well already containing 2 ml transfection medium. To test the
efficiency of thetag-antibodies thecells were incubated for 72 before harvesting ilPBS. To testthe
effect of thetags on thanRNA expression of downstream genes the cells were kept ir7Hatihipped
transfectionmedium after seedingfor 24 h and additionally stimulatedwith 0, 10 and 50 nM T3
directly after transfection. Medium was changed after 24 handsTs added, after a total of 48 h after
transfectionthe cells were harvestedfor RNA extractionin QIAzol.

5.3.16.Luciferasereporterassays

After transfection and incubation for 48 h (see 5.3.14) luciferase activity was measuredusing the
DualLuciferase Reporter Assayn the CLARIO Star Microplate reader. Plasmids (50 ng end
concentration)were transfectedwith either nc#1 or miR-34a5p mimic (10 nM end concentration)
into HEK298T cells as describedin 5.3.15. The cells were incubatedfor 48 h after transfection,then

the medium was removedand the cells lysed with 50 pL 1X passivelysis buffer for 15 min while
gently shaking.20 pL of lysateare usedfor the luciferasereactionwith 50 uL LAR 1l and 50 pL Stop

& Glo® reagent.A mock transfection was usedas additional backgroundcontrol.

5.3.17.RNA interactingproteinimmunoprecipitatiorsequencingRIP-seq)

For RIP-seq 1x1C¢ HepG2 cells were seededper 6-well plate well and transfectedwith 10 nM miR-
34a5p mimic miRVan& as described in 5.3.10. 24 h after transfection three wells were pooled while
harvesting for each experiment. The protocol of Meier et al. [180] was followed except for the
following modifications: lysate and beadswere incubatedat 4 °C over night and protein degradation

was carried out in NT2 buffer. 5 ug of bothargonaut2 (AGO2) antibodies (Abnovaslone 2E121C9

LOT M9221-S2 and Sigma Aldrich, clone 11A9 LOT3894983) were used. The experimentwas
repeatedthree times to generatea biological triplicate. RNA isolation was performedas describedin
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5.3.3. Input control sampleswere rRNA depleted using the RiboCop rRNA depletion Kit from
Lexogen.Library prep, RNA sequencingand analysisof datawas performedby Novogene(China).

5.3.18.RNA-sequencing

RNA sequencing was performed by Nathalie Kruse at the Institute of Human Genetics. The RNA was
extracted as described B3.3. The library was prepared using tiuantSeq 3'mRNA Seq V2 Library
PrepKit afterma n u f a cirstructienswitts the add on PCR. The quality of the RNA was verified

using the Qubit1X dsDNA HS Assay Kitaccordi ng to manufactureros
fluorometer 2.0 and the 2100 Bioanalyzer Instruméidr quantification of the library the NEBNext
Library Quant Kit for Illumina was used accordingto ma n u f a cibstructen, §RCRs were
performed on the Real Time PCR System and calculations were performed using the
NEBbioCalculator. The NextSeq 2000 System was used for sequencing.Analysis of the RNA
sequencingvas performedusing PathfindR[260].

5.3.19.Bisulfite pyrosequencing

DNA extraction of human liver samples and bisulfite conversion of genomic DNA was performed by
Christin Krause.Genomic DNA was extractedfrom 25 mg frozen liver using the QIAmp DNA Mini

Kit accordingtomanuf act ur er 6 sminorncBangesikrozen liventssuewasthtmogenized

in 2 ml screw cap micro tubeswith ceramicbeadsin 80 mL ice cold DPBS with the Bead Ruptor for

two times20 sec.After shaking 18QuL ALT buffer and 20uL Proteinase Kwere addedand incubated

for 15 to 60 min at 56°C. Digestedliver sampleswere stored at room temperatureup to 2 month
before final DNA extraction.DNA extraction was performed according to manufacturer. The DNA
concentrations were measured wiffuantiFluor ONE dsDNASystem, after manufacturer instructions.
DNA was storedat -20°C until further use.

For bisulfite conversionthe EpiTect Fast DNA Bisulfite Kit was used.20 uL extracted DNA (100 to

2000 ng input) was added to 140 pL bisulfite conversion reaction according to manufacturers
specifications. After preparatioine DNA was denaturecat 95°C for 5 min, followed by an incubation

time of 30 min at60°C, a second denaturation steyp 95°C for 5 min and the final incubationat 60°C

for 10 min. The converted DNA was stored at 4°C until clegnover columns according to the
instructions.Bisulfite convertedDNA (BisDNA) was storedat -20°C.

To measurdDNA methylation at specific CpG sites, primer were designed for bisulfite PCR using the
PyroMark Assay Design 2.0 software. For each investigated CpG site three primers were designed. A
forward and reverseprimer pair for amplification, with one of those biotinylated and a sequencing

primer. The refence genome used for primer design was human genome hg19. The PCR was
conductedwith the PyroMark Q48 advancedCpG PCR Reagentg(Table 50) using 1 puL of bisDNA

(10-20 ng) and the progranm Table 51
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Table 50. Reactionmix for bisulfite PCR ~ Table 51. Programfor bisulfite PCR

Component Volume Step Temperature | Time Cycles
2X PyroMark PCR| 12.5puL Initial 95°C 15 minutes 1
MasterMix activation

10X CoralLoad| 2.5 L Denaturation | 94°C 30seconds | 40
Concentrate Annealing 56°C 30 seconds
RNasefree water 8L Extension 72°C 30 seconds
Forward primer 10| 0.5pL Hold 2°C Hold 1
UM

Reverse primer 10| 0.5puL

UM

Total volume 24 L

5.3.20 Westerrblot

The HEK298T cells transfectedwith THRB tag plasmidswere harvestedin PBS (5.3.14), the pellets

were lysed using the Bidlex®Cell lysis Kit accor di ng to manufactureros
concentrationwas measuredusing the Pierc&& BCA Protein Assay Kit. 20 pg of protein were loaded

on a 10% SDS gel and run for 40 min at 200 V. The dtai gel was then activated and blotted on a
nitrocellulose membrane usinge turbo blotterfor 7 min. The blot was blocked with TBS containing

5% milk powder for 1 h at room temperature. Primary antibodie®re diluted 1:500 and 1:1000in 5%

milk powder solution and incubatedwith the blot over night at 4°C. After incubation the blot was
washedthree times for 20 min with TBST buffer. The secondaryantibody was diluted 1:5000in 5%

milk powder solution and incubated fir 1 h at rootemperature. Afterwards, the blot was washed three
times for 20 min in TBST buffer. Chemiluminescence was measured B@h and ClarityMax. After
measurement thielot was washedor 5 min in TBST and incubatedor 15 min with strippingbuffer at

room temperature Then the blot was washedthree times for 15 min in TBST buffer at and blocked

with 5% milk powder solution for 1 h at room temperature. The protocol was then repeated with
housekeeper protein HSP90.

5.3.21.Statisticalanalysis

Humandatais depictedwith standarddeviation (SD), mouseand cell culture datawith standarderror

of mean (SEM). Correlations were calculated using Pearson correlations. Human hepatic expression
analysis was not corrected for multiple testing and considered independent from each other due to
differencesin time point of measurement, assayd plate. Datawas tested fornormality andstatistical

test wasselectedaccordingly, exceptnethylation analysis, which waserformedusing ManrWhitney

test. gPCRs were analyzed using unpairegbsts, onevay ANOVA or twaway ANOVA depending on
experiment. Data was corrected for multiple testing using the false discovery rate after Benjamini
Hochberg.
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6. Results

The following part of this thesis containsthe results of the investigation on epigeneticchangesin

humans withMASH and a variety cell and mouse MASHmodels.This thesisconcentrateon changes
in microRNA (miRNA) expressionand DNA methylation to unravel novel mechanismsin the
MASLD pathogenesis.

6.1. microRNA

Due to the dysregulationof thyroid hormone (TH) metabolismand reduction of thyroid hormone
receptorb (THRB) expressionin patientswith MASH miRNAs were identified that could potentially
bind to THRB via their seedsequenceand correlatednegativelywith the THRB expression.

6.1.1. Hepatic expression of THRB targeting miRNAs in humans with MASH and
correlation of clinical parameters

For identification of potential mMiIRNAs a microRNA microarray 4.0[256] was utilized to identify
mMiRNAs that potentiallybind to THRB in a sulcohort of the human obese cohort. The expression of
potentialmiRNAs of interest was verified using qFPICR (Figure 7)in the presentedohort (Table §.
Four of the measured miRNAshowedsignificant changesin expressionthough miRNA-1033p was

not further investigateddue to the reduction of miIRNA expressionin MASH patients. The three
miRNAs with increasedexpressionmiR-34a5p (fold change(FC) = 1.66, p-value = 0,00016), miR-
2243p (FC = 1.42, p-value = 0.037) and miR-1555p (FC = 1.32, p-value = 0.037) were further
analyzed. The results of the miR-34a5p were previously published and figures are adapted
accordingly [261].
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Figure 7. Expressionof potentially THRB binding miRNAsin completecohort of humanswith and
without MASH. Expressionnormalizedto miR-24-3p and control normalizedto 1. Multiple t-tests.
**%<0.001, *<0.05 SD. miR-34a5p, miR-107, miR-224-3p Nnonmast = 41, nmasH = 27, miR-103-3p
NnonmasH = 40, Nmask = 27, MIR-138-5p NnonmasH= 32, Nwask = 24, MIR-1555p NnonmasH= 36, NmasH =
26, MiR-486-5p Nnonmasr = 20, nmasn = 16. The expressionof miR-34a5p was publishedpreviously
and the figure adaptedto include all potential THRB targeting miRNAs[261].

61



Target prediction of the three identified miRNAs proposed binding of-3d#&Sp to multiple TH
metabolism related genes(THRA, THRB, DIO1, SLC10A1,SCL16A2, potentially masterregulating
the TH signaling with one miRNA. Figure 8A compares the potential binding sited of egqwkdicted
target gene with the miRNA, showing multiple potential binding sited in the THRA THRB and
SLC16A2genes. Target prediction proposesthree binding sites for miR-224-3p in the THRB gene
(Figure 8B) and multiple binding sitesfor the miR-1555p in THRB and SLC16A2 each (Figure 8C).

miR-34a-5p sequence UGGCAGUGUCUUAGCUGGUUGU
transcribed in DNA TGGCAGTGTCITAGCTGGTTGT
transcribed in DNA reversed TGTTGGTCGATTCTGTGACGGT
transcribed in DNA reversed

complementary ACAACCAGCTAAGACACTGCCA
3'UTR-THRA 1. binding site CACACACACACCCGCACTGCCC
3'UTR-THRA 2. binding site GGGGGGGAGGGGGACACTGCCC
3'UTR-THRB 1. binding site CTTTGCCTACCTTTTACTGCCT
3'UTR-THRB 2. binding site GCAGGCCTGGGGTGGACTGCCT
3'UTR-DIO1 binding site AARGTAGAGCCTGACACTGCTC
3'UTR SLC10Al binding site TGGGTACAGCARACTACTGCCA
3'UTR SLC16A2 1. binding site CACCCACTATAATCARCTGCCA
3'UTR SLC16A2 2. binding site CTAGGGGCAGAGGGCACTGCCA
miR-224-3p sequence ARARUGGUGCCCUAGUGACUACA
transcribed in DNA AAAATGGTGCCCTAGTGACTACA
transcribed in DNA reversed ACATCAGTGATCCCGTGGTAARA
transcribed in DNA reversed

complementary TGTAGTCACTAGGGCACCATTTT
3'UTR-THRB 1. binding site ACACAATACTAGTCAACCATTTA
3'UTR-THRB 2. binding site TAGGRAGGCTTCTTTCCCATTTA
3'UTR-THRB 3. binding site AATCTAARACARACATCCCATTTIC
miR-155-5p sequence UUARUGCURAUCGUGARUAGGGGUU
transcribed in DNA TTAATGCTRAATCGTGATAGGGGTT

transcribed in DNA reversed TTGGGGATAGTGCTAATCGTAATT
transcribed in DNA reversed

complementary AACCCCTATCACGATTAGCATTAA
3'UTR-THRB 1. binding site TTTTTGARATGTAGCCAGCATTTG
3'UTR-THRB 2. binding site TAATCTTTAARAARAATCCATTAR

3'UTR-SLC16A2 1. binding site TCATCCCACCCTGCTCAGCATTTA
3'UTR-SLC16A2 2. binding site CCAGACCTGCGCACACAGCATTTC
3'UTR-SLC16AZ2 3. binding site AAATCTTACAGTCCAAGGCATTARA
3'UTR-SLC16A2 4. binding site GCCACTTTGCTTAGAGGGCATTAA

Figure 8. Potential miRNA binding sites. A) miR-34a5p sequencecomparedto predicted binding
sites, B) miR-2243p sequencecompared to predicted binding sites. C) miR-1555p sequence
compares to predicted binding sites.

To determine possible effects of increased miRNA expression on thyroid hormone signaling miRNA
expressionwas correlated with  TH metabolism gene expressionand MASLD clinical parameter.
Further, due to the associationof MASLD with type 2 diabetesglucose and HbAlc were also
correlated with miRNA expression. To account for confounding factors age, gender and BMI partial
correlations were performed when necessary Expressionof TH geneswas performed by Christin
Krause [32]. MiR-34a5p correlated negatively with SLC10Al1 (r = -0.263, p-value = 0.01) and
SLC16A2(r = -0.419, p-value <0.001) and showed positive correlationswith HbAlc (r = 0.563, p-

value = 0.007)glucose (r = 0.591,-palue = 0.001), liver fat content (r = 0.565y@lue = <0.001) and

MAS (r = 0.484, p-value = 0.006). Meanwhile miR-1555p correlateswith miR-224-3p expression(r

= 0.397, p-value = 0.011) and miR-244-3p further correlatespositively with MAS (r = 0.307, p-value

= 0.009)andliver fat content(r = 0.283, p-value <0.001).
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Figure 9. Pearson correlation matrix of mBla5p, miR1155p, miR224-3p, TH genes and clinical
parametersin humancohort. *<0.05, **<0.01, ***<0.001, ****<0.0001, adaptedfrom [261].

6.1.2. Mousemodels
To verify the resultsof the resultsof the human cohort we utilized multiple MASLD mousemodels.

In 6.1.1 the miRNAs miR-34a5p, miR-1555p and miR-224-3p are proposedas potential THRB
binding. Since miR-224-4p is not expressedin mice liver only the other two miRNAs were
investigatedin the following part of this thesis.

6.1.2.1. CD-HFD mousanodel

The CD-HFD mouse model was utilized to mimic the developmentof steatosisand steatohepatitis
over a long period of time. The mice were held for 6, 16 and 52 weeks onan ad libitum CD-HFD or
STD before sacrifice. The CD-HFD mice showeda MASH phenotypeafter 52 weeks[253,255].

After 16 weeksmiR-34a5p is significantly higher expressedFC = 2.06, g-value = 0,0184) and week
52 (FC = 1.96, g-value = 0,0294) in the CD-HFD mice comparedto the STD mice, while the
expressionof miR-1555p significantly decreases after 16 weeks of treatment (FC = O-28lug =
0.0369), before the expressionincreasesagain (Figure 10A-B). On the mRNA level expressionof
Thral changesafter 52 weekson CD-HFD (FC = 2.33, g-value = 0,0004). The expressionof Diol
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changesin the CDHFD mice over the courseof the treatmentafter an initial induction of Diol
expressionin week 6 (FC = 1.78, p-value = 0,003), the expressiornreducesbackto STD level at week
16 and showsa further trend of reductionat week 52 (FC = 0.76) (Figure 10C).
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Figure 10. Expressionof miRNAsand potential target genesin CD-HFD treated mice. A) expression
of miR-34a5p measuredusing SYBRgreen and normalizedto miR-24-3p. B) Expressionof miR-155
5p measured using TagMan Advanced Assay and normalized t@4miR C) Expression of TH
metabolismgenesnormalizedto actin beta. Data was analyzedusing two-way ANOVA and correcting
for multiple test of RNAswith BenjaminiHochberg.Depictedis the meanwith SEM. *<0.05, **<0.01,
**%<(0.001, ****<0.0001.

6.1.2.2. MCDD mousemodel

The MCDD mouse model was utilized as a rapid MASH onset mouse model. In contrastto other
MASLD models MCDD induces impairment of liver metabolismby reduction of methionine and
choline and is only suitableto study the hepaticaspectof MASLD, sinceotheraspectf the disease

e.g. metabolic syndrome do not manifest. After 6 weeks the mice exhibit a MASH phenotype
(steatosis hepatocyteballooning, inflammation and fibrosis) [255].

Surprisingly there is no change in miR-34a5p expression, though miR-1555p expression is
significantly increased after 6 weeks of MCDD (FC = 1.7&alye = 0.023)Figure 11). Similarly
expressionof Thra2 is increased (FC = 2.3@,value = 0,0004) while Sic10al is dowegulated (FC=
0.49, gvalue = 0,0078JFigure 1B).
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Figure 11. Expression of miRNAs and TH metabolism genes in MCDD mice. A) Expression of miRNAs
miR-34a5p and miRL555p. B) Expression of potential target genes. MiRNAs were normalized to
housekeepemiR-24-3p and mRNAsto beta2-microglobulin (B2m). Data was analyzedusing multiple

t-tests with BenjaminiHochberg correction. The mean with SEM are depicted. *<0.05, **<0.01,
***<(0.001, ****<0.0001.

6.1.2.3. CCls mousemodel

While the other mousemodelsare commonly usedto mimic MASLD in mice, the treatmentof mice
with CCls is usedto generateacute liver injury with fibrosis, without accumulationof lipids in the
liver. While the TH metabolism genes remained unchanged in their expressior34abR was
significantly induced (FC = 2.60, g-value = 0,0001) (Figure 12A). Verifying the role of miR-34a5p
not only in MASLD but generallyin liver injury.
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Figure 12. Expression of miRNA and TH metabolism genes in mice treated withALEkpression of
mMiRNAs, B) expressionof potential miRNA target genes. MiRNAs were normalized to housekeeper
miR-24-3p and mMRNAsto actin beta. Data was analyzed using multiple t-tests with Benjamini
Hochbergcorrection. The mean witFSEM are depicted***<0.0001.

6.1.2.4. HFD mousemodeltreatedwith metformin

Metformin is thefirst line drug for type 2 diabetestreatmentandactsin theliver, the reductionof liver
fat is a common sideeffect. Thereforamice treatedwith a HFD and metformin were usedto ascertain
the effect of a common medical intervention aniRNA expressionand MASH gene expressioiBoth
HFD groups gained more weight comparedto the chow control and while the increasedliver
triglyceride levels reducedafter metformin treatmentthe body weight did not decreasg251].
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As expected, miRB4a5p increases under HFD significantly in both HFD groupsnéBG- 5.64, g
valuairo = 0.0003; FCHFD metformin = 5.72, g-valu@irp metiormin = 0.0003) (Figure 13A). After six weeks

the untreated HFD group shows unchanged increased expresfsionR-34a5p (FGwo = 6.08, g
valuerp = 0.0003) while the metformin treatmegtoup expression of miR4a5p is only 3.29 fold
changeincreasedcomparedto chow diet fed mice (g-valueirp metformin = 0.0003). Meanwhile miR-155

5p expressionslightly increasesafter 12 weeks of HFD in the HFD group, but not in the HFD
metformin group and at week 18 miRNA levels are comparableto chow group (Figure 13A). Thral

and Thra2 show a tendency of reduced expression after 12 and 18 weeks of HFD in both HFD groups
(FCHFD Thrar = 0.53; FCHrD Thra2 = 0.54; FCHrD metformin Thrat = 0.57; FCHED metformin Thra2 = 0.63), thOUgh
Thral (FCHFD Thra1= 0.60; FGiFD metforminThra1 = 069) andThra2 (FCHFD Thraz= 0.57; FGiFD metformin Thra1=

0.69) expressionseems to recoveslightly after 6 weeksof metformin treatment.Similar observations

can be madefor the expressionof Thrb which reducesin the first 12 weeksof HFD in both groups
(FChrp Thrb 12 weeks = 0.79; FCHFD metformin Thrb 12 weeks = 0.86). While the expressioaf the HFD group
remainslowered (FGrp Thb 18 weeks= 0.83) the expression in the metformin treated group recovers to
control levels (FGFp metformin Thib 18 weeks = 1.04). In contrast the expression DBfol is significantly
upregulatedipon HFD treatmentin both HFD groupscomparedio chow mice after 12 weeks(FChrp

Diol 12 weeks— l.71,q—value4|=D Diol12weeks = 0,0143;FCHFD metforminDiol 12 weeks = 221, q-ValUG-IFD metforminDiol

12 weeks = 0,0143). Diol expressionafter 18 weeksis still increasedin the HFD group with a fold
changeof 1.82 but only significantly increasedn the HFD metformin group (FCHFD metformin Dio1 18 weeks

= 2.16, g-valueirp metformin Dio1 18 weeks = 0,0143). The HFD treatmentadditionally led to a trend of
reducedexpressionof Slc10all2 weeks inboth HFD groups (FGrp sicioaiweek 12= 0.68; FGiFD metformin
sic10a1 12 weeks = 0.80), the reduction was significant in the HFD group after 18 weeks of treatment
(FChrp sic10a1 18 weeks = 0.71, g-valueirp sicioa1 18 weeks= 0.0444), while the metformirireated group
recoveredSlcl0alexpressionback to control levels (FCHFp metformin Sic10a118 weeks = 0.97) (Figure 13B).
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Figure 13. Expressionof miRNAsand TH metabolismgenesafter HFD and treatmentwith metformin.

A) Expression of miRNAs, B) expression of potential miRNA target genes. MiRNAs were normalized to
housekeepemiR-24-3p and mRNAsto actin beta. Data was analyzed usingway ANOVA with
BenjaminiHochberg correction. Depicted are the mean with SEM.. *<0.05, **<0.01, ***<0.001,
***%<0.0001.

Summarizing the results of the mouse models, the expression e84wibp is increased in mice fed
different high fatdiets and upon liver injury by CCls, while thereis an increasein mice fed an MCDD
diet, the changeis not significant. Expressionof miR-1555p is alsoincreasein high fat diet animals,
as well as MCDD mice, but not in the CCh mice, indicating thatliver injury through non-metabolic
means does not affect miEs5-5p.

6.1.3. Cell metabolicstimulation

MASLD developmentis marked by excessof sugarsand fatty acids. To mimic the condition in the
liver and potentially stimulate miRNA expressionand influence TH metabolismdifferent hepatocyte
cell models were stimulated with different sugar and lipid concentration8.1lfh three miRNAs are
proposedto bind THRB miRNA-1555p is not expressedn HepG2 cells, the main cell culture model
usedfor this part of the thesisand thereforewas thereforenot investigatedin this part of the thesis.

6.1.3.1. Fructose

Due to the important role of fructose in MASLWIth the ability of increased fructose levels to disrupt
hepatic lipid metabolismand the inductionof insulin resistance, we treated HepG2 cells with 5 mM
fructose for 24 h, thiglid not result in an increase of mBda5p and had no significant effects on the
potential miRNA target genes
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Figure 14. Treatmentof HepG2 cells with 5 mM fructose for 24 hours. MicroRNA34a5p was
normalizedto miR-24-3p and for normalizationof MRNAsSCASC3was used. Data is depicted as mean
with SEM.

6.1.3.2. Fructoselnsulin

To further simulatehe high fructoseaspectof a westerndiet with insulin resistancalifferent liver cell
lines were stimulatedwith high levels of fructoseand insulin for 6h to 14 days.

Stimulation ofHepG2 cells with high fructose (50nM) and high insulin (100\M or 500 nM) over 6 h
did not result in significant changesof target gene expression,though THRA DIO1 and SLC10Al
show tendenciesof reducedexpression(Figure 15A). While increasingthe stimulation over 24 h did
not resultin significantchangesn expressiormiR-34a5p and SLC16A2show an increase(FCmir-34asp
2an100nM = 1.30, FCmir-34asp 2ah500nm = 1.11, FCsLc16a24h 100nm = 1.40, FCsLci6az4h 500nm = 1.69) while

all other target genesshowedpotential reduction of expression(FCrira24h100nm = 0.82, FCrHrA24 h 500
nm = 0.79, FCrure24h 100nm = 0.85. FCrHRrB 24 h 500nM = 0.85, FCpio1 24h 100nm = 0.60, FCpio1 24 hs00nm =
0.53, FGLc1oa124 h 100nm = 0.64. FGLci6az24 h s00 nv= 0.62) Figure 18). Similarly, treatmentof HepG2
cells for 48 h did only result in a slight increaseof miR-34a5p expressiorwith 100 nM insulin
stimulation (FCnir-34asp 48 h 100 nv = 1.21). While not significant the expressionof SLC16A2increase
upon stimulation (F&icieazss h 100 nmv= 1.39, FGLcisa24s h 500 nm= 1.73) andDIO1 expression decreased
(FCbio1 48 h100 nm= 0.63, FGio1 48 h 500 nm= 0.54). Meanwhile expressiosf THRA THRBand SLC10A1
were significantly reduced upostimulation (FCrira4sh 100 nm = 0.80, g-valuernra s h 100 nm= 0,0118;
FCrhrass h so0nm = 0.80, g-valuernrasghsoonm = 0,0118;FCrureash 100nm = 0.73, g-valuerireash 100nm =
0,0056;FCrxreashs00nm = 0.66, g-valuernreashsoonm = 0,003; FCsicioash 100nm = 0.66, g-valuesLcioar

48 h1o0 nv = 0,003; FGrc1oa148 h 500 nm= 0.63, g-valuesLcioaiss h s00 nm= 0,003) Figure 1%). Stimulation
over 14 days was only done in one preliminary experiment, though gene expression did not reduce as
expected in the experiments over a shorter time pekalie 1B). Treatment with increased insulin
dosage did not significantly change gene expressioncomparedto the smaller dosage, though a
tendencyto an increasedtreatmentresponsecan be observed withhigher insulinlevels in the target
genes.

68



A 6h B 24 h
1.59 2.5+
c c
=} 2 2.0
w 0
2 1.0- o
= 5 1.5
> x
@ (]
2 s 2 1.0
& &
[} o 0.5
@ x
0.0- H 0.0-
R s L N S Qo N A\
o &S o e 2 & oF e
o AW W > A\ W
@q: 3 3 & 2 2
&
C 48 h D 14 days
* *% *%
2.5- 15
E 2.0 * %k %k * %k E
(2] w
] S 10
5 1.5 s
* >
Q (]
.g 101 .g 5
& &
@ 0.54 ]
(4 74 I
0.0- oi0m 0l 0l nll nll 0
R v o S U KR & X P
b‘@'c’ «\?\Q_Y* < \?\@ 0\ ONQV‘ d\@?‘ 3 «?\Q‘ ‘«\Q‘ O\O ,\Q?‘ ,\@‘?‘
» o o o NN
é.\\q. & ) e
3 Control

B 50 mM Fructose 100 nM Insulin
Hm 50 mM Fructose 500 nM Insulin

Figure 15. Stimulationof HepG2 cells with fructoseand insulin. Treatmentwith 50 mM fructoseand
100 or 500 nM insulin A) for 6 h, B) for 24 h, C) for 48 h.. Oneway ANOVA,n=3, *<0.05, **<0.01,
***<(0.001, ****<0.0001, Depictedas meanwith SEM. D) Treatmentwith 50 mM fructose and 500
nM insulin for 14 days,n= 1. MiRNA-34a5p was normalizedto miR-24-3p and mRNAsto CASC3.

To verify the results ofmetabolic stimulation with fructosand insulin in HepG2 cells the experiment
was repeated in Huh cells, another hepatocyte cancer cell line. The expressi@. ©16A2was not
measured, dut a low baselineexpressionin Huh-7 cells [262,263]. Since the stimulation over 6 and
24 h did not result in significant changesin expressionlevels only stimulation over 48 h and a
preliminary experimentover 14 days was performed. The stimulation over 48 hdid not result in
significant changesin expressionof mRNAs in Huh-7 cells (Figure 16A). Since the target genes
showedeither no changein expressionor a tendencyto increasedexpressionmiR-34a5p expression
was not measuredThe stimulation over 14 dayswas only performedwith the higher doseof insulin
and only done once. While miR-34a5p expressiondoesseemto be inducedso do all potential miR-
34a5p targetgenes(FCmir-34a5p 14days = 1.50, FCrHrA14 days = 1.36, FCrure14 days= 1.51, FCbiox1 14 days=
2.41, FCsLcioa114days = 1.21) (Figure 16B).
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Figure 16. Stimulation of Huh-7 cells with high fructose and high insulin. A) Stimulation of Huh-7
cells with 50 mM fructoseand 100 or 500 nM insulin for 48 h. Oneway ANOVA, data is depictedas
mean with SEM. B) Stimulation of Hihcells for 14 days with 50 mM fructose and 500 nM insulin,
preliminary data with n = 1. Data of miR-34a5p was normalized to miR-24-3p and mRNAsto
CASCs3.

Since the results of the HepG2 experiments could not be reproduced htulthé cells iPSC derived
hepatocyte like cells were used as another hepatocyte model to verify the results. The experiment was
performedin iPSC derived hepatocytdike cells of cell line BIHIO01-B, the differentiationis described

in 5.3.8 The experimentwas conductedusing 500 nM insulin, though the differentiation medium

contains unknowramounts ofinsulin, therefore the concentration iofsulin is only an approximation.

The preliminary experimentwas repeatedtwice and the protocol has to be fully establishedand
optimized for further investigations. ASigure 17A-F shows there is response of r8Ra5p, THRA

THRB and SLC16A2expression to the metabolic stimulation, meanwBil®©1 and SLC10Alshow a
tendencyof reducedexpressionthoughthereis a high variation betweenrepeats.
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Figure 17. Stimulation of iPSC derived hepatocytelike cells with 50 mM fructose and insulin for 48
hours. Data is depicted as mean with SEMreliminary data with n = 2. MicroRN&4a5p was
normalizedto miR24-3p and mRNAs to CASC3.

6.1.3.3Fructoseandglucose

To test further metabolic stimulants HepG2 cells were treated with 25 mM glucose and 50 mM
fructose for 72 hto simulate a highglucose and fructose ricliet over a longer time period. The
expressionof mIR-34a5p was not changedand only THRA (FC = 0.90, gvalue = 0,003655) and
SLC16A2(FC = 2.36, gvalue = 0,011359)show similar expressiorchanges as seenith high fructose
and insulin stimulation of the cells for 48 h (Figure 18).
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Figure 18. Stimulation of HepG2 cells with high fructose and glucose for 72 hours. HepG2 cells were
treated with 25 mM glucose and 50 nM fructose. miRNA expression was normalized24-3piRnd
MRNAsto CASC3,multiple t-tests, *<0.05, **<0.01, meandepictedwith SEM.

6.1.3.4. Oleate/palmitate

Since the westerdiet not only contains higlsugarsbut also high fat contenttreatmentof the HepG2
cells with 0.5 mM oleate and palmitatein a 2:1 ratio was usedto induce lipid accumulationin cells.
After 48 h of oleate and palmitate treatmentmiR-34a5p expressionsignificantly increased(FC =
1.15, pvalue = 0.040). Nevertheless, the majority of the potential target genestoettot inductionof
miR-34a5p expressionand show a tendencyof increased expressioffrCrira4s h = 1.01, FCrurB4g h =

1.15, FCoio1 458 h = 1.15, FCsLcioa1as h = 1.19, FCsicieazas h = 0.90) (Figure 19A). After 72 h of
treatment the increase in mBAa5p expression was no longer significant and only SLC10A1 showed
significant reduction of expression(FCsLcioa172 h = 0.86, gvaluesLcioar72 h = 0,045069) while the
expressionof other targetgenesremainedunchanged.

72



A 48 h B 72 h X

%
1.54 1.5+
s |[] :
7] w
g 1.04 % I I I I = 8 1.04= I - T T T
S o
3 >
@ Q
Z 0.5 Z 0.5
o u
2 2
D.O“— T T ,\I ,\I 1 0.0"- T T T T 1
R & O P R O PP
,55.'56 & & oF 8 v & &P O,\Q‘? O,\bv“

=3 negative control
Bl 0.5 mM Oleat/Palmitat (2:1)

Figure 19. Stimulationof HepG2 cells with oleate palmitate (2:1). HepG2 cells were stimulatedwith
0.5 mM oleate and palmitate mixture (2:1) for A) 48 h and B) 72 h. Data wasanalyzedwith multiple t-
tests, miRNA expressiorwas normalizedto miR-24-3p and mRNAsto CASC3.* > 0.05.

6.1.3.5. RNA-seq

Due to the observeddysregulationof TH metabolismgenesin HepG2 cells after treatmentwith
fructose and insulin (6.1.3.9, but only slight nonsignificant increase of miR-34a5p expression,
HepG2 cells were again stimulatedwith fructoseand insulin for 48 h but in addition transfectedwith
miR-34a5p inhibitor to ascertainwhetherthe observedeffect is due to the slight changein miR-34a
5p expression. To verify that inhibition of miBla5p does not result in a compensatory increased
expressionof miR-34b-5p or miR-34¢5p both miIRNAs were measuredas well. As expectedthe
treatmentwith miR-34a5p inhibitor does reduce the expressionof miR-34a5p comparedto both
control samples(FCmir-34asp inhibitor = 0.24, g-valuénir-34asp inhivitor vs nc#i= 0,0005, g-valuenir-34asp inhibitor vs
netl fructose insulin = 0,0005) and TH metabolisraxpressionreduces uporstimulation with fructose and
insulin except for the expectedincreasein SLC16A2 expression(FCrHrA nc#1 fructose insuin = 0.84, @
ValUerHrA nc#1 fructose insulin = 0,0483; FCrHRB nc#1 fructose insulin = 0.82, q-ValUQ'HRB nc#1 fructose insulin = 0,013;
FCoio1 nc#1 fructose insulin= 0.57, G]V8.|U8:)|01 nc#l fructose insulin—= 0,0015; FGLc10Alnc#1 fructose insuli= 0.67, c]
valuesLc10A1 ne#1 fructose insulin = 0,012; FGLc16A2nc#1 fructose insulin = 2.06, q-ValU%LCmAZ nc#l fructose insulin =
0,0216). Contrary towhat was expectedthe inhibition of miR-34a5p did not resultin a normalization
of TH metabolism gene expression. Gene expression compared to the only nc#l treated group were
significant and similar to the results of the nc#1 fructose insulin group (FCrura inhibitor = 0.81, ¢
valuertra innibitor = 0,0483; F&@HRs innibitor = 0.80, g-valuerHrs inhibitor = 0,013; FGio1 inhibitor = 0.55; ¢
valuevioz inhibitor = 0,0015, FGLc1oatinhibitor = 0.66, gvaluesLcioatinhibitor = 0,012; FGLc1eazinhibitor = 2.41,
valuesLcieaz inhibitor = 0,0195) (Figure 20A). The expressionof miR-34c5p was not affected by
inhibition of miR-34a5p and miR-34b-5p was significantly reducedby the inhibitor (FCmir-34p5p =
0.54, q-ValUGniR—34b5p inhibitor vs nc#1 = 0,0099, q-ValUGniR—34b5p inhibitor vs nc#1 fructose insulin = 0,0099) (Figure
20B). Therefore,reducedmiR-34a5p expressionwas not compensatedy other membersof the miR-
34 family.
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Figure 20. Stimulation of HepG2 cells with fructose and insulin with-3d#&5p inhibitor treatment.
Expressionof miR-34b-5p and miR-34c¢5p after stimulation with fructose and insulin and treatment
with miR-34a5p inhibitor. One way ANOVA, n=3, *<0.05, **<0.01, ***<0.001, depictedas mean
with SEM. miRNA expressionwas normalizedto miR-24-3p and mRNAsto CASC3

To get a better understanding of the mechanibshind the reduction of TH metabolism genes after
fructose and insulin treatmentthe sampleswere used for RNA sequencingKEGG pathway analysis
shows some overlap in detected pathways and detects metabolism pathways in both. Pathways
relevantfor cell cycle, DNA replicationand cellular senescence americhed after both treatments ias
the MAPK signaling pathway. The transfection with miR-34a5p inhibitor additionally to the
stimulation with fructose and insulin lead to an enrichmentin liver injury pathwaysobservedin
hepatitis cinfection and hepatocellularcarcinomawhile the treatmentonly with fructose and insulin
lead to an enrichmentin the AGE-RAGE signaling pathwayin diabetic complications.
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6.1.4. Mechanisticstudies

In this part of the thesisthe binding of the target miRNAs to their respectivepredictedtargetswere
investigatedin cell culture basedexperiments.

6.1.4.1. Overexpressionf miRNAsin HepG2cells
6.1.4.1.1. MiRNA-34a5p

To simulate the increasedexpressionof miR-34a5p we transfectedHepG2 cells with miR-34a5p
mimic. The following datawere publishedin the EuropeanThyroid Journal[261].

To investigatethe effect of increasedexpressionof miR-34a5p, as observed irpatients and mouse
models with MASLD on the TH metabolismHepG2 cells were firstransfected witha miR-34a5p
mimic. After 48 h incubation the overexpression of mi#x5p (Figure 22\) resulted in significant
reductionof THRA (FC = 0.65, p = 0.0227), THRB (FC = 0.45,p = 0.0014),DIO1 (FC = 0.19,p =
0.0014) and SLC10A1(FC = 0.44, p = 0.0017), while SLC16A2(FC = 3.33, p = 0.0014) was
upregulated(Figure 2B). To ascertain the effect on reduced W#5p expression a mik4abp
inhibitor was transfected into HepGz2ells which resulted inthe expectedsignificant reduction omiR-
34a5p expression(Figure 22C) as well as an induction of THRB (FC = 1.11, p = 0.0187) (Figure
22D). To verify that the changesin TH metabolismgenes indeed affecfH signalingin HepG2 cells
were next stimulated with Ts in addition to transfectionwith miR-34a5p mimic and inhibitor and
THRB downstreamregulated geneswere measured.The transfectionwith inhibitor and Tz did not
result in significant changes (data not shown) while the transfection with the34ai% mimic
significantly changed alresponseén THRB regulatedgenesDIO1 and CYP7A1 Upon stimulationwith
10 nM Ts CYP7Alincreased 2.41 fold while the expression remained at a fold change of 1.07 after
transfection with miR34a5p (gvaluesyr7a110 nm T3 nc#1 vs 10 nm T3 miaasp = 0.0170) and also after
stimulation with 50 nM Ts did the expressionof CYP7A1 increasesignificantly more in the nc#1
group (FC = 2.63) than in the miBdab5p treated group (FC = 1.04;value = 0,0113). The DIO1
expressionreacted similar to the stimulation with Ts and additional transfection with miR-34a5p
mimic (FCoio1 10 nm T3 ne#1 = 3.64, FCoio1 10 nm T3 mir-34a5p = 1.84, g-value = 0,0003; FCoio1 50 nM nc#1 =
3.82, FCbio1 50 nmmir-34a5p= 1.84, g-value = 0,0003) (Figure 22E-F).
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Figure 22. Transfection of HepG2 cells with 10 nM f8#5p mimic and inhibitor for 48 hours. A)
Relative expressionof miR-34a5p B) Relative expressionof TH genesafter miR-34a5p transfection.

C) Relative expression of miR4abp and D) relative expression of TH metabolism genes after
transfection with miRB4a5p inhibitor. mMIRNA expression was normalized to 4@2dR8p and mMmRNA
expressionto CASC3.Multiple t-test and oneway ANOVA, *<0.05, **<0.01, ****<0.0001 [261]

6.1.3.1.2. MiRNA-224-3p

Transfectionof miR-224-3p mimic resultedin a 7702fold change(p-value < 0.0001) (Figure 23A).
The expectededuction of THRB did not occur upon induction ahiR-224-5p over expressionjnstead
the expressionof DIO1 and SLC10Alare induced (FCpio1 = 1.08,gvalueior = 0.0018; FCscrLi0a1=
1.59, g-valuesicioar= 0.0027while the expressionof SLC16A2is significantly reduced (FCsLciea2=
0.64, g-valuesLcieaz= 0.0028) (Figure 23B). BecausamiR-224-5p doesnot seemto have any influence
of THRB it was not further investigated.
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Figure 23.Transfection of HepG2 cells with riR43p mimic. A) Relative miR24-5p expression
normalized to miRR4-3p. B) Relative expression of TH metabolism genes normalized to CASC3. Data
were analyzedusing multiple t-testand are depictedas meanwith SEM.** < 0.01,**** < (0.0001

Since the overexpressionof miR-224-3p did not result in any expectedchangesin expressionof
potential target genesit was not further investigated.

6.1.3.1.3. MiRNA-1555p
According to target prediction miR-155-5p potentially regulatedexpressionof THRB and SLC16A2.

MiR-1555p is not expressedin HepG2 cells, neverthelessto determine a possible effect of the

mMiRNA on potential target genes HepG2 cells were transfected milR1555p mimic and inhibitor.
Since the baseline expressionof the miRNA was not detectablewith gPCR analysis or miRNA

changesproved difficult. After transfectionof miR-1555p mimic the dCtchanged fromnot detectable
to a value of 15, as expectedafter transfection with  miR-1555p inhibitor no miR-1555p was
detectable. After transfection with miEB555p mimic the expression ofHRB and SLC10Alwas
significantly reduced (FCrwre = 0.57, g-valuernrs = 0,018382; FCsicioar = 0.61, gvaluesicioar =

0,018382)(Figure 24A). Unsurprisinglythe inhibition of the alreadylow baseline expressionof miR-

1555p in the HEpG2 cells did no lead to any significahanges inthe expressiorof potential target
genesTHRB and SLC16A2 though there is a notable increasein SLC16A2 expression(FCsLci6az=

2.16) Figure 28B).
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Figure 24. Transfectionof HepG2 cells with 10 nM miR-1555p mimic or inhibitor for 48 h. A)
Expressionof TH metabolismrelated genesafter overexpressiorof miR-155-5p with 10 nM mimic for
48 h. B) Expressionof TH metabolismgenesafter inhibition of miR-1555p function using 10 nM
inhibitor for 48 h. Resultswere analyzedusing multiple t-testsand are depictedas meanwith SEM.
Gene expressiowas normalizedagainst CASC3* < 0.05.

6.1.4.2. Luciferasereporterassays

Target gene prediction of miR-34a5p detectedpotential binding sited irnthe TH metabolismgenes
thyroid hormone receptor U (THRA, THRB, deiodinasetype | (DIO1), solute carrier family 10
member 1 $LC10A) and solute carrier family 16 member SLC16A2 (Figure §. To estimate the
accessibility of the potential binding sites for actual miR-34a5p binding CentroidFold was used to

predict secondaryRNA structure of approximately+ 200 bp from the potential binding site (Figure

25). While THRA binding site one seemedslightly more accessiblethan binding site 2, the second
binding site had longer complementarysequenceto the 3 6 U TaRd was chosenfor the experiment.

The potential binding sites of tHEHRB binding sites werdhe same length and due to the slightly less
predicted accessibility of binding site 2, the first was investigated. Both the binding sites for DIO1 and
SLC10A1 show low probability of binding, though both are depictedin stems.
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A 3‘UTR-THRA 1. binding site B 3‘UTR-THRA 2. binding site

C 3‘UTR-THRB 1. binding site D 3‘UTR-THRB 2. binding site

[

3‘UTR-DIO1 binding site 3‘UTR-SLC10A1 binding site

Figure 25. Prediction of 3'UTR secondary structure using CentroidFold. A) Predicted structure around
THRA3O6UTR binding site 1. B) -3PorlkTdR chierdd isntgr usittue e2 .a
structure around THRB-3 6 U BiRding site 1. D) Predictedstructure around THRB 3 6 U DBiRding
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site 2. E) Predicted structure around DIO1-3 6 U TbRding site. F) Predicted structure around
SLC10A13 6 U biRding site.The color indicatesinding probability.

The selectedpotential miR34a5p binding siteswere clonedinto the pmirGLO vector at the 3 é&nd of

the firefly luciferase reporter gendu¢?) (see vector card iril1.]). The humanizedRenilla luciferase
(hRIug functions asinternal control for normalization. The plasmidswere transfectedinto HEK293T

cells either with nc#1 or with miR-34a5p mimic to determinebinding or miR-34a5p to the binding

site. While there were no significant differencesin the luciferase reporter assaysof THRA and
SLC10A1the firefly expressionsignificantly reducedafter miR-34a5p treatmentin both the assay
with theTHRB 3 6 U TRR = 0.72, p-value 0.0005) (Figure 26. Luciferasereporterassay.Transfection
of 100 ng pmirGLO plasmid containing3 6 U TfRA) THRB and B) DIO1 with 10 nM miR-34a5p

mimic for 48 h measuredusing the DualLuciferaseReporter Assaysystem.Two-way ANOVA andt-

test, ** < 0.01, ** < 0.001. (Adapted from [261])A) andthe DI O1 6 (FCR 0.79, p-value =

0.0031) Figure 2@ ) . To verify the results the bindi
QuickChange PCRwith one point mutation. After mutatiorof the seedsequencehe firefly expression
was no longer affectedby miR-34a5p transfection.
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Figure 26. Luciferasereporter assay. Transfectionof 100 ng pmirGLO plasmid containing3 6 U ofR
A) THRB and B) DIO1 with 10 nM miR-34a5p mimic for 48 h measuredusing the Dual-Luciferase
ReporterAssaySystem.Twoway ANOVAand t-test, ** < 0.01, *** < 0.001.(Adaptedfrom [261]).

6.1.4.3. RNA-interacting protein immunoprecipitatiorsequencing

As another method to verify binding of miBRla5p to the proposed target genes B#guencing was
performed.To increasethe amountof detectedmRNAs that are targetedby miR-34a5p the miRNA

ng

was overexpressed in HepG2 cells using the -84R5p mimic, the cells were harvested 24 h after
transfectionto maximize the amounbf mRNAs bound to the RISC complex. After correction for

unspecific binding, detected al$o control samples,all detectedmRNAs with a log2fold changeof at
least 1 were considered bound to AGOR. total 544 gene products were bound to AGO2 V@b in
silico predictedmiR-34a5p targets(full list in chapter10) (Figure 27A). This includes THRB which
was two-fold increasedcomparedto the AGO2-nc#1l control. Kyoto Encyclopediaof Genesand
Genomes(KEGG) pathway analysis shows significant enrichmentof metabolic pathwaysincluding

genes, like carbohydratesponsive elemettinding protein ChREBP) or adiponectin receptor 1

(ADIPORY), involved in MASLD (Figure 27B) and Gene Ontology (GO) enrichmentanalysis also

shows upregulation of metabolism pathwakgygre 2TC). A more detailed brake down of the affected

metabolic pathwaysare depictedin Figure 28.
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Figure 28. Metabolic processesietectedby RIP-seqGO analysis

While these results are promising there was a high variation between the biological repeats as can be
observedin Figure 29A and B. The amountof detectedpeaksvaries greatly betweenthe experiments

and the overlap of detectedpeaks,while in experimentone a total of 8240 peakswere detectedwith

2769 uniquely inthe AGO2miR-34a5p fraction, experimentthree only detecteda total of 177 peaks

with 29 only in the AGO2miR-34a5p fraction. Thisdiscrepancytranslates intdess detectedgenesin

the last experimentthan in the first, additionally the detected genesvary between experiments,
showing only 70 and 88 overlapping peaks in the A@G@R-34a5p and AGO2nc#l samples
respectively. These inconsistenciesbetween experimentscould very well reduce the validity of the
resultsand it is possiblethat many miR-34a5p targetedgenesare not recorded.
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6.2.DNA methylation

Gene expression is not only regulated by one epigenetic mechanism but by multiple factors playing
together.To investigate the full picturef epigeneticregulationof the TH metabolismand miR-34a5p

in the liver during MASH the next part of this thesis investigates the role of DNAethylation. The

results of the THRB methylation analysis have already been published in the European Thyroid

Journal [261].

6.2.1. THRB
Intron 9 Intron 1
Exon 1011 N AT Exon 29 NPOAPWOAP Exont | THRE
C-24173725 C-24477865

Figure 30. Schematiovziew of THRB genewith investigatedCpG sites.

Due to the reduction of THRB expressionduring MASH and the tendency of increased DNA
methylation in the promotor and intron 1 region to reduce gene expression[154] a CpG site with
multiple transcription factor binding sites of potential interest was identified using JASPAR 2022
[264]. Using pyrosequencingthe CpG at chromosome3 position 24477865 (C-24477865) was
identified as differentially methylatedwith a significantincrease inmethylation of 9.71% (pvalue =
0.002) in the liver of MASH patients compared to #MASH controls (Figure 314). The increase in
methylation did indeed correlate negatively witthe expressiorof THRB (r = -0.5132, p = <0.001)
(Figure 31B) andshowedpositive correlationwith MAS (r = 0.4674,p = 0.004),HbAlc (r = 0.4444,p
= 0.02), aspartataminotransferas€AST) (r = 0.5641,p = <0.001), alanineaminotransferaséALT) (r
= 0.4885,p = 0.003)and liver fat (r = 0.4857,p = 0.02) (Figure 31C-G). All resultswere correctedfor
the confoundingfactors age and gender.

Due to the possible effect of methylation in the gene body, CpG sié1Z3725 was investigated.
Methylation at the CpG was reduced by 2.17% but without significance and no further methylation
investigation was conducted.
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Figure 31. Methylation of THRB in human liver tissue. A) Methylation differencesin THRB for
patients with and without MASH analyzedafter Man-Whitney. Spearmencorrelation of methylation
with B) THRB, C) HbAlc, D) aspartateaminotransferasg¢ AST), E) alanine aminotransferas¢ALT),
F) liver fat and G) MASLD activity score (MAS).* > 0.05. [261]

6.2.2. MIR34AHG

Since the miR34a5p expressionis significantly induced inpatients with MASHand the induction od
miR-34a5p expression in cell culture with metabolic stimulation was not successful methylation was
considered as alternative cause for the dysregulation of miR-34a5p expression. MiR-34a5p is
encodedon the minus strand of chromosome 1 wittire second exorof the host gene MIR34AHG

While the expression of miR4a5p is only partially dependent on the expressiorVitiR34AHG the
promotor region of MIR34AHG was selectedfor methylation analysis, due to the presence of CpG
islands. A CpG island containing 7 CpGs was analyzed (Figure 32) (chromosomel positions
92431719243202), neither the mean, nor analysis of each individual CpG resulted in significant
methylation differences between the nonrMASH and MASH group. While further CpG areas of
interest were identified, the high CG content of the DNA resultedifficulties designing functioning
pyrosequencingssaysand was therefore,not further conducted.
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Figure 32. Schematicview of MIR34AHG and MIR34A geneson chromosomel with the CpG island
used for methylation analysis.

6.3. THRBtag

To solve the problemthat there areno functioning THRB antibodiesand gPCRsonly give information
of the transcriptiorof a geneand not the actual amoumf translatedprotein THRB tags were designed
for future CRISPR/Casmodification of iPSC derived hepatocytdike cells. Three plasmids were
designed, one containing tAHRB gene without any modifications, one wiftHRB and a @erminal
3xHis tag and one with THRB and a C-terminal 3xFLAG tag (seevector cardsin 11.1). To determine
the effect of the added tags on THRB function, Huh-7 cells were stimulated with different
concentrations of for 48 h. The THRB regulated gen&01, THRSR FASN and CYP27Awere
measured. The expression ©HRB itself was measured and increased as expected according to the
respective plasmid concentrations. Meanwhile there were no significant differences in rsspdnse
betweenthe gene expressionof taggedand untaggedTHRB notably there was also no difference
betweenthe two tags(Figure 33-D).
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Figure 33. THRB tag test mMRNA expressionof THRB regulated targets. Expressionof A) THRB, B)
DIO1, C) THRSP,D) FASN and E) CYP27A.Data were analyzedwith two-way ANOVA and are
depicted as mean with SEM.

To ascertain that the selected tags not only have no negative influence the THRB fhottioa also
accessiblgfor Westernblot detection, the plasmidsere transfected into HEK293Tells and incubated

for 72 h. Both antibodies, 6xHis and 3xFLAG were tested with a dilution of 1:500 and 1:1000. The
molecularweight of THRB is 52.7 kDa, with the weight of the 3xFLAG tag (3 kDa) or the 6xHis tag

(0.8 kDa) a detectionat approximately55 kDa can be expected.Indeedboth antibodiesshow binding

at the expectedweight. The 6xHis antibody showsan additional unspecificband at approximately70

kDa in both the sample containing the tagged THRB as well as in the negative control without tag. The
3XFLAG antibody only shows an unspecific band at around 90 kDa in the tagged sample (Figure

34A). The housekeeper HSP9$howedthe expectedband at 90 kDa, anotherband can be seenon the

blots of the tagged samples whieite presumably residues of the tagged antibodies wivite not
stripped thoroughly enouglrigure 38). Taken together the results show no effetthe tags onthe

THRB function andboth antibodiesshow clear and distinct bandson the Westernblot, meaningthat

both tags have the potential for future experimentsAdding one of the tagsto cell lines could bypass

the problemof ineffective THRB antibodiesand could visualize the effectof the conductedreatments

on the protein level.
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Figure 34. Western blot of THRB tag tests with His and FLAG tags. A) HIS and FLAG , B) HSP90 as
housekeeper
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7. Discussion

The aim of this thesis was to join the known contributors of MASLD, epigenetic changes and
dysregulation of thyroid hormone signaling. To achieve this aim miRNAs were identified that were
increasedin MASH patientsand mouse modelsthat potentially target THRB. One identified miRNA

was miR34a5p. The relevance and binding of rm#a5p was verified in cell culture studies.
Additionally, changes in methylation of THRB were observed in MASH patients that correlated with
THRB expression. Taken together the results show the connection of epigenetics and thyroid hormone
signalingin MASLD and proposea new targetfor MASLD therapies.

7.1. MASLD, TH and miRNASs

While the resultsof this thesiscould not confirm the relevanceof miR-224-3p and miR-1555p in the

TH metabolism inMASLD, there is a clear connectidmetweenmiR-34a5p and TH metabolismWe

were able to verify increased miBRla5p expression in a human MASH cohort and in multiple mouse
models. The miRB4a5p expression correlated with the MAS in humans and luciferase assays verified
binding of miR-34a5p to THRB and DIO1. RIP-seq could additionally prove the binding of the
mMiRNA to THRB and overexpressiomf the miRNA in vitro verified the role of miR34a5p in TH
signaling. Studies on the role of mB3a5p in MASLD have until nhow mainly concentrated on the
regulation of lipid metabolism by inhibition of SIRT1 [235,236], PPARA [236] and HNF4a [209,226],
which contribute to the pathogenesis of the disease, by inducing steatosis, fibrosis and mitochondria
dysfunction. We previously published our results on the regulation of TH signaling by miR-34a5p

[261]. These results are presentedhere again with additional mouse and cell culture models. The
relevanceof miR-34a5p in MASLD in mouse models wakighlighted by amiR-34a knock-out model

that showed reduced manifestationof MASLD after being fed a high-fat, cholesterol,fructose diet

[227]. This thesisfocusedon the local control of TH action and takes additionally the TH receptors,
hepatic TH transportersSCL10A1 and SLC16A2 and TH activating enzymeDIOL1 into account.

Additionally to the human data four different mouse models, investigating different aspects of
MASLD, were analyzed. Both models containing HFD (@BD model and HFBmetformin model)
showed an induction of miR4a5p expression, as expected, surprisingly the MCDD model did not.
Differently to the HFD modelsthe MCDD does not induce metabolic syndromeand should only be
used as a model to study the liver independently fr@ystemic affects, due to the loss of weigimd
absenceof metabolic syndrome[74]. In contrastto that, another study performed by Katsuraakt
observedan increaseof miR-34a expressionin MCDD fed mice after 15 weekscomparedto the only

6 weeks of the here studied cohort [26Bhis implicates that the developmeoit metabolic syndrome
might not be necessaryto induce miR-34a expression.But that miR-34a expressioncan also be
induced bylater stages ofiver injury like the onescaused bythe lack of methionineand choline. This
early increasein miR-34a expressionobservedin HFD mouse models might be explained by the
changes in the microbiomieduced bythe increasedat content.Indeed,increasedexpressionof miR-
34a has beenlinked to changesin microbiome which is observedin obesepatientsand mice fed a
HFD and treatment of HFD mice withy@ostemma pentaphylla, substance from traditional Chinese
medicinethat has beerusedto treat hyperlipidemia,reducedmiRNA expressionand induced changes
in the microbiome composition[234]. Mice on HFD develop dysbiosisafter one week. The MCDD
mice do not have this change in microbiome and therefore, not the increased induction 3gfasiR
expression, ateastin early stages of liver injury. This also highlights that the MCDD model is only
partially able to mimic MASLD and might not be the best model to investigate epigenetic changes.
Taking into accountthat in the MCDD model the liver injury is induced by dysregulatioh the
methionine cycle and not a consequenceof diseaseprogression.In reverse, increasedintake of
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methionine has also been associatedwith MASLD risk [266]. On the other hand, the CCls model,
which is mainly used as a fibrosis control and also does not manifest metabolic syndrome shows
increasedmiR-34a5p expression.This liver model directly induces fibrosis in the liver, without
steatosis througloxidative stress which recruits proinflammatory Kupffer cells and activates hepatic
stellate cells [267]. While the role of miR-34a5p in fibrosis is well established[268], CCls itself
represses the expression of FXR, which negatively regulates3#@Bp expression, leading to an
increasedexpression269]. Intriguingly, theexpressionof miR-34a5p was reducedin HFD mice after

6 weeks of metformin treatment. Metformin targets the glucose metabolism and induces insulin
sensitivity [270] and treatedmice show improved steatosis[251]. This increaseand decreaseon miR-
34a expressionafter methioninetreatmentwas also observedin a MCDD mousemodel by Katsuraet

al. [265]. In contrastto our findings and of Katsuraet al., there are multiple studies thalbserve an
increase in miR-34a expression after metformin treatment. Metformin treatment of cancer cells
induced an increaseof p53 expressiona miR34a regulator inmultiple cancer cell linesthough that
effect was not observed in p53 mutant cancers. This increase irB34miRexpression leads to a
downregulationof SIRT1 and resulted im susceptibility of the cancer cells to oxidative stress and
apoptosis [271]. Additionally, there is data, that metformin stimulates Dicer which increaseaniR
availability and positively influences liver inflammatid@72]. These studies observing amcrease in
miR-34a expressionupon metformin treatmentwere conductedin cell culture and treatmentduration
was 24 h, meanwhilethe decreasen miR-34a expressionwas observedin animal modelsafter 6 and
15 weeks of treatment. Consequently,the increase of miR-34a might be a shortterm reaction.
Additionally, the decreasenight be a systemiceffect of metforminon the body comparedto the effect
on only one cell type. Consideringthe mechanismof metformin is only partially understoodmore
studies have to be conducted.

We were able to confirm binding of miR-34a5p to THRB and DIO1. The observedincreased
expressionof miR-34a5p dysregulatesthe TH signaling in more than one way. The reduced
production of TRD reduces the abildgeneygresnlfingitame r ece
increaseof de novo lipogenesisand a reduction in b-oxidation. Indeed in patients with a thyroid
hormoneresistancego T R bcausedby a mutationin the THRB genethat resultsin a lossof function

of TRb, a hghegliver faticantemt tvdshyserved[140]. Additionally, THRB knockout mice

show changes in liver gene expresssimd t he | oss of TRb results in ch
cholesteroland fatty acid metabolismleadingto an accumulation ofcholesterol, fattyacids and TGs in

the liver [273]. Considering the role TH signaling plays in cholesterol, lipid and carbohydrate
metabolism these changesare not surprising and are also observedin hypothyroidism, which is
associatedwith  MASLD [120]. Local hepatic hypothyroidism can also be induced through the

reductionin THRB expressionOne of the T R bargetgenesaffectedby thereductionin T R fsignaling

is DIO1 [274]. Asa miR34a5p and TRb t ar gebiOl is inhikdted byxtwo different on o f
mechanisms. This inhibition oDIO1 expression leads to a reduced amount of availablén Tthe
hepatocytewhich in turn reducesactivation TH induced T R fsignaling. A reducedactivity of DIO1

and therefore, activatioof T4 to Ts has also been observed in people vibd®©1 polymorphism with
reducedDIO1 function [275], leading to a hypothyroid state in the liver. Similarly, reducedDIO1

action onTH signalingis likely the reasonolder humans,which have reducedDIO1 expressionlevels

are more likely to developMASLD [32]. Reducedavailability of Ts also influencesthe mitochondria

and less oxygen consumption has been observed in hypothyroid animals as well as changes in
mitochondrial gene expression and a reduction in mitochondriogenesis[116]. Despite multiple

regulatory interference iIrDIO1 expression during the early stages of MASLD development, a
compensatoryinduction of Diol is observedin mouse models [276]. This early inductionwas also

presentin the analyzedHFD-metformin model as well as the CD-HFD model. The increaseof Diol
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has a protective effect on steatosisprogression[276]. Surprisingly the treatmentwith metformin had
no effect on the increasedDiol expressiondespitethe improved steatosisand is slightly higher than
the not treated HFD group. Considering the reduced expressionof miR-34a5p after metformin
treatmentthis would reducehe negativeregulationof Diol throughthe miRNA and could contribute
to the improve in steatosis. While the lack ofand | ack of TRb both negati\
metabolism,they result in different changesin gene expressionwith T R potentially compensating
for T R b thé &bility to dihd the same TREs [277]. This illustrates the-reoaptor dependent
activity of thyroid hormones.An increasedexpressionof Thra2 was only observedin the MCDD
mice. The Thra2 isoform containsa DNA binding domain, by which it can competefor binding with
other TRs, but lacksa ligand bindingsite. Due to limited datathe function of Thra2 is not yet known
and more studies have to be conducted to ascertain its role in MASLD [278]. Considerifigréfat
potentially competes witfthrb DNA binding, this would further reduce signaling of TH time liver of
MCDD mice. Meanwhile, the expressionof Thral was inducedin the CD-HFD mice after 52 weeks,
but not inany other mouse model tluman sample. The induction could A&ompensatory effedn a
late stageof MASLD, thoughno comparableobservationshave beenreportedin literature.

The effect of increased miB4a5p expression on the predicted and confirmed targets was further
investigated in cell culture experiments.The resulting decreaseof the TH receptors,DIO1 and
SLC10A1further highlighted the potential ahiR-34a5p to regulate the locathyroid hormoneaction.

The TH transporterchannelsT4 and & into the hepatocyte, contributing to the availability of TH to
activate TH signaling. Repressionof transporterexpression,subsequentlypreventstransportof TH

into the cells. The effectonthe Rb acti on could be verified by the
genes CYP7A1 and DIO1 to Ts stimulation. Surprisingly the predicted targeSLC16A2 increases
expressionafter miR-34a5p overexpressionThis might be explained by a disruptionf the diurnal
rhythm of the expression due to the changes in TH levels in the cells [279]. SIRT1 also is involved in
regulation of circadian clock gene expression[280]. As a target of miR-34a5p it is downregulated

upon miR34a5p transfection, which could lead to further disruption of the circadian rhythm in
hepatocytesDecreasedSIRT1 expressionand the resulting changesin the circadian rhythm , have
beenshownto reducecell survival and increasegshe risk of cancers[281].

Metabolic stimulation results not in induction of miR-34a5p but insulin resistanceseemsto influence
TH signaling

Induced expressionf miR-34ain cell culture hasonly beenconductedby the activation of p53 [229]
and demethylation of MIR34AHG [282], but not through metabolic stimulation. Due to the central
role of fructosein the developmentof MASLD and its ability to affect lipid metabolismand induce
hepaticinsulin resistance [335], the stimulation of cells with high fructoselevels for 24 h to induce
miR-34a5p expressionwas the trial of first choice. This stimulation did not result in the desired
increasein expressionand did not affect the expressionof miR-34a5p target genes.On the other
hand, treatmenbf HepG2 cells using an oleate and palmitate mixture did induce miRNA expression,
but without effects on the miRNA target geneexpression.This effect was only observedafter 48 but
not 72 h of treatmenOther studiesobserved changes in tlexpressionof miRNAs 6 to 36 hafter cell
stimulation or injury [283,284], indicating that the peak of miR-34a5p expressionmight have
occurred earlier and was not detected. However, the increase of miR-34a5p expression,while
significant, was only a slight increase and its lacking impact on-84R5p target gene expression
indicatesthat the increasewas not high enoughto reachbiological significance.

Interestingly the stimulation of HepG2 cells with high fructose in addition to high insulin
concentrationsesultedn a downregulationof miR-34a5p targetsTHRA THRB DIO1 and SLC10A1
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and upregulationof SLC16A2 identical to the effects observedafter overexpressionof miR-34a5p

after 48 h. To rule out any effectsof the miRNA, the experimentwas repeatedwith the addition of a
miR-34a5p inhibitor, which had no effect on the expression levels of the target genes. To rule out
compensatoryupregulation by miR-34b-5p and miR-34c¢5p, their levels were measuredas well and

did not increase with metabolic stimulation. The downregulation of TH metabolism genes was also not
observedin cells treated withhigh fructoseand high glucoselevels, implying that the effectis induced

by the high insulin levels. THs and insulin indeed overlap insome of their functions, througthe
regulation of metabolic pathwaysMoreover, some studies that show a connection betwelds and
insulin resistanceBoth hypothyroidismas well as hyperthyroidismseemto facilitate the development

of insulin resistancethough studies are not entirely conclusive [285,286]. During hyperthyroidism

THs antagonize insulimaction through an increased glucose productio287] and regulate insulin
signaling through the modulationof FOXO1 [135]. Despite the connectionbetweeninsulin signaling

and THs there is little informatioon the effect of insulin on thyroid hormone signalinQne study
reportedan increase inT RUd n d  @xRéssionupon insulin stimulation in bovinaortic endothelial

cells and observedio changesn TH transport intathe cells [288]. This would contradictthe results of

this study, sinceve observeda decreasén both T R @nd T R bHowever, we conductedhe experiment

in HepG2 inwhich TRb i s t he repepterdvbilminaant i ¢ endothel i al ce
predominantform. Meanwhile, reducedexpressionof Diol has beenobserved inmice with a liver
specific insulin receptor knockout [289]. While disruption of insulin signaling through the loss of

insulin receptor and induced insulin resistancethrough high doses of insulin are not entirely
equivalent, there igvidence that high doses insulin do reduce thexpressionof the insulin receptor

gene [290], emphasizingthe involvement of loss of insulin receptoron the reduced expressionof

DIO1. Apart from theinfluenceof insulin on DIO1 andtherefore, thélfH availability in the cells, there

is no evidencethat insulin influencesthe expressionof TH transporters.

To get a better understandingof the affected pathways, RNA sequencing was performed using the
samples treated with fructose and insulin for 48 h and the ones treated wiB4abR inhibitor and
fructose and insulin for 48 h compared to a control. The KEGG pathway analysis shows differently
regulatedgenesfor both conditionsin the MAPK pathway which is induced by insulin [291] but
repressecby TH action [105]. This fits nicely with the observed reductioaf TH metabolismrelated
genes. Thyroid hormones also play a role icell proliferation and differentiation, by repressing or
activating gene expression, depending tissue and developmental stage [292].idttherefore not
surprising that reduction of Thkhetabolism genexpressionin both conditions lead$o upregulationin

cell cycle, DNA replication and cellular senescence pathways. A downregulation of the TH signaling
pathway was, as expected observed in both conditions as were changesin cholesterol and
carbohydrate metabolism. Surprisingly, there weoechanges irinsulin signaling detectedhough the

cells treated with fructose and insulin showed differently expregeees in the AGIRAGE signaling
pathway in diabetic complications. The inhibition of r8Ra5p in combination with the metabolic
stimulation led to an enrichmentin liver injury pathways observed in hepatitis ¢ infection and
hepatocellularcarcinoma. Consideringthat miR-34a5p expressionis well known to change during

liver injury, an increase in expression has been observed after hepatitis C infe@&®)894]. The
expression of miB4a changes in hepatocellular carcinoma depending on the p53 status [228,229], so
changes upon mMiRNA inhibition are not surprising. To determine the connection between insulin
stimulation and the expressionof TH metabolismgenes,more experimentsneedto be conducted.
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Validation of miRNAtarget genebinding

Target gene prediction of miB4a5p indicated binding sites imTHRA THRB DIO1, SLC10Aland
SCL16A2 though only binding to THRB and DIO1 could be validated by luciferase reporter assays

and the binding to THRB additionally with RIP-seq. The luciferasereporterassayand RIP-seq results

are further confirmation of miRNA and mRNA interactialue to the downregulationf the predicted
targets aftemiR-34a5p transfection.Consideringthe induced expressionof SLC16A2after the miR-

34a5p transfection, SLC16A2was not further investigatedfor miRNA binding. The prediction of

MiRNA target genesis easyif the miRNA is completely complementaryto the target, though the
majority of miRNA bind with only the seedsequencdo the targetmRNA. The seedsequencelso can

be between6 and 8 nt long and target prediction tools only take sequencecomplementarityand rarely

the accessibility of the mRNA sequenceinto account. Therefore, target prediction of miRNAs
generates many false positive and false negative predictions [179]. Though accuracy for 8mer seed
sequences is quitgood, with reducing success rate for shorter seed sequfi®sand the predicted
targets have to beerified by experimental methods. Because multiple bindsitgs were predictedfor

some of the potential targets, RNA secondarystructure prediction was used to determinethe most

likely accessiblemiRNA binding sites. The CentroidFold tool was used, which is reliable but the
accuracy reduceswith increasein sequencelength [257]. The secondarystructure of the mRNA
B30UTR influences the accessibility of the binding
prediction was limited to a length of 400 nt, which correspondgo approximatelythe samelength of

insert that was used for the luciferase reporter assays (x 200 nt from the seed sequence binding site).
Consideringt h e 3 @dd fie&Blengths ofa few thousand nucleotides [29Te predictedstructures

can only depict the actual secondarstructures to aertain extend. Similarly,the most accurateway to

test miRNA to target binding using the luciferase reporter assay would be the cloning of the complete
3 6 U DfRhetargetmRNA into the luciferaseplasmid. While the cloning of large insertsin possible,

the efficiency decreaseswith increasedinsert length. Therefore, smaller inserts were choseBince

binding sites were more than 200 nt apart, only one binding site could be examinedat a time. It is
possiblethat despite les§avorable prediction of the secondanstructure, the actuatructurewould be

more accessibleor that the complete 3 6 U TfdRms a different structure comparedto the predicted
sections. The distance betweenthe binding sites of miRNAs can have an effect on the miRNA
function. Distances between-50 nt tend to increase the repressingture of miRNAs, while binding

sites closer than 8 nt together compete for miRNA binding [298,299]. Considering the large distance
betweenthe binding sites such an effect was not to be expected,though binding to more than one
bindingsiteint h e 3woUldiftreasethe efficacyof miRNA action without the cooperativenature

of close binding sites. Despite these drawbacksthe luciferasereporter assayis the gold standardto

verify miRNA and mRNA specific interactions[300].

For further confirmation of the interaction of mBa5p and the predicted target genes -Bég was
conducted.After transfectionof miR-34a5p into the cells to saturatethe miRISC with miR-34a5p
and targetmRNAs, a total of 544 different mRNAs were detected.Of these265 were predictedmiR-
34a5p targetsand 279 not associatedwvith the miRNA. Consideringthat miR-34a5p is predictedto
have 10399 target genes, the detected quantity is quite low especially considering ghantity of
unspecific binding. This indicates that a number of housekeeper genes were detected, déspite an
control to prevent this. Unfortunately the AGO genes are predicted targets «§4mp which could
influence the amount of MIRISC formation and distort the resiltee detected genes were further
processed with KEGG and GO pathway analysis. Both analyses detect metabolic pathways, the KEGG
pathway analysis additionally detectschangesin NAFLD pathwaysand p53 signaling. Considering
the role of miR34a5p in metabolic dysregulation in MASLRnd thereciprocal regulatiorof p53 and
miR-34a5p [301] the detection of these pathways emphasizesthe validity of the experiment.
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Neverthelessthereis a high variation betweenthe three replicatesof the RIP-seq experimentwith a
high differencebetween detected peaksd alow overlap of peaksbetween theepeats.For this thesis
the protocol of Meieret al [180] was adapted. Meiat al generate a stable cell line with continuous
mMiRNA of interestexpressionln contrastin this study the cellsvere transfected oncevith a miR-34a

5p mimic to generatethe increasedavailability of the miRNA. A stablecell line producingmiRNAs
has a more homogeneous expresgiattern than what can be achieved withsingle transfections of
mMiRNA, with varying transfectionefficiencies. This was already observed warlier experiments see
Figure 22A, but did not impede the effect of miR-34a5p overexpressionon the target genes.A
variation in the transfection could contribute to the variance in the detected target genes, especially
consideringthat the AGO2 production might be reducedby miR-34a5p. A variationin miR-34a5p
levels, though variations in transfection would also lead to variations in AGO2 availability.
Verification of reducedAGO2 protein production upon miR-34a5p overexpressionwould be helpful

for the planning of further experiments.If the miRNA indeedimpedes AGO2production, creatinga
cell line with a AGO2 plasmid in addition to stable miR-34a5p could be helpful to counteractthe
effect of the miRNA to improve miRISC assembly.

7.2.MASLD, TH and DNA methylation

As alreadyreportedin [261] we were able to show an increasedmethylationin THRB at chromosome

3 position 24477865(C-24477865) whichnegatively correlated witifHRB expressionand positively
with MAS, once more validating the importance of THRB in MASLD. Similar to the reduced
expressionof THRB through miR-34a5p, increased methylation of THRB dysregulatesthe TH
signaling and increases lipid accumulation. As expedti&®B methylation explains one part ohe
dysregulation and is described in further detail ab¢Xd). The methylation site was selected for
investigationdue to the associationof increasedDNA methylation in the promotor and intron 1 to
reducegeneexpression[154] and a high numberof transcriptionfactor binding sitesin the vicinity of
the CpG site. The reductionof THRB geneexpressioncould thereforebe expectedand contributesto
the relevanceof changesin DNA methylationin metabolicdiseaseq144].

While we were unable to show a difference in MIR34AHG methylation, which might be due to
difficulties in assay design for pyrosequencingin the CpG island. To prevent the formation of
secondarystructures the PCRroductusedfor pyrosequencinghould be limited to a length lessthan

350 bp, though the utilized PyroMark from Qiagen recommends sequence lengths of less than 200 bp.
Additionally, the designed primer should not overlap with CpG sites to prevent the preferential
amplification of a subsetof moleculesand not contain palindromesto ensurespecific binding [302].

The designof primer with binding specificity for only one binding site, that also doesnot overlap with

a CpG site can be difficult within CpG islands, due to the repetitive CpG motif and the high AT

content in bisulfite converted DNA. The complete CpG island has a length of 433 bp (chromosome 1
position 9243032243465). Therefore, the length limitation of the investigated sequence prevents the
analysis of the complete CpG island, and it could be possible that there is a changein DNA
methylation within the CpG island, but not in the investigated part. The difficulties of developing
appropriateprimers preventedthe investigationof other parts of the CpG island via pyrosequencing.
While pyrosequencing is a reliable DNA methylation detection method for short sequences, longer
sequences are better investigated using whole genome bisulfite sequencing. Additionally, there is less
variability in replicates of whole genome bisulfite sequencing experiments compared to
pyrosequencingassays due to a lower PCR amplificatibias [303]. There are no studies trettow
changes in MIR34AHG methylation in metabolic disease but, MIR34AHG is frequently
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hypermethylated in multiple cancer types which interferes with the binding of p53 to the DNA and
therefore, reduces miB4a5p expression [304]. To further investigate the DNA methylation of
MIR34AHG establishedprimers that were successfullyused to detect aberrantDNA methylation in
cancercould be usedto detectchangesin MASLD patients.Changesin DNA methylation have also

been observed inthe TP53 gene [305], a miR-34a5p regulator.Therefore,it would be interesting to
further measureDNA methylation if TP53 of MASLD patients comparedto healthy controls and
whetherthere is an associationwith diseaseseverity. Consideringthat the expressionof miR-34a5p

can changefrom over expressionto a reducedexpressionin HCC dependingof the p53 statusa
changein TP53 methylationmight be observedas the diseaseprogressesrom MASH to HCC.

While there areCpG sites inand aroundhe DIO1 gene, therare no CpGislands and nonef the CpG
sites are associatedwith any disease.Whole genomebisulfite sequencingin a subsetof the human
cohort (unpublisheddata by Christin Krause)did also not identify any differentially methylatedCpG
sites in theDIO1 gene or promotor regiorilherefore,no pyrosequencing was performed to determine
DNA methylationchangesin the DIO1 gene.
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Figure 35. Epigenetic regulation of hepatic thyroid hormone signaling in metabolic dysfunction
associatedsteatotic liver disease(MASLD). The increasedexpressionof miR-34a5p during MASLD

leads reducedexpressiorof the thyroid hormonereceptor beta gene (THRB) by binding of the miRNA

to the THRB mRNA. Simultaneously, the increased methylation of the THRB gene reduces THRB
expression, contributing to the reduced availability of thyroid hormone receptor beta ( T R )

MASLD. The reduced TRbB | evel | ower the Dbinding pr
element(TRE) and preventsT R from regulating geneexpression.The resulting lossof T R Begulation

of the deiodinase type 1 gene (DIO1) leads to less DIO1 expreSsienbinding of miRB4a5p to the

DIO1 mRNAalso reducesDIO1 availability. Consequentlyjess thyroid hormoneTas is convertedinto
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the active form Ts. The reducedavailability of Ts, also meanslessbinding of Tz to T R &nd therefore,

|l ess thyroid hormone mediated regulation o8 gene
availability and activity results in a dysregulationof the hepatic thyroid hormone signaling. This

induces accumulation of lipids in the liver, dysregulation of mitochondrial function and MASLD
progression. RXR: retinoid X receptor

7.3.Limitations of the study

The investigated human cohort consisted of obese individuals with and without MAS¥ver, no
healthy controlindividuals were included. While this cohort rules out distortion of the results caused
by obesity a control sub cohodf healthy individuals withoutobesity and comorbidities would be
beneficialto detectearly onsetchangesin MASLD development.

The mouse models utilized in this thesis encompasdlifferent stagesof MASLD and while none of

them mimic the developmentof human MALSD completely they are useful, as long as their
limitations areconsidered.Unfortunately the investigation apigeneticchangesis complicatedby the

lack of conservation odmiRNAs betweenmouseand humanwhich limited the investigationof miR-

224-3p to cell culture. While there is generally a conservation of miRNAs between human and mice,
especially in miRNAs relevant for fundamental biological functions, the conservation varies between
miRNA families, tissues and developmentalstage [306]. Even conservedmiRNAs across species

might have different functions, due to a lack of conservedbinding sites, indeed about 30 % of
validated miRNAtargetsare not conserved between species [300]. Therefore, miRNAs in mice can act
differently than a miRNA with the same seed sequencein humans.The binding of miR-34a5p to
THRBandDIOlwas validated using parts of the 36UTRSs
differencesin the secondangtructure oft h e 3 &hUnic® the luciferasereporterassayswould have

to be repeatedusing the mouse genome. That also meansthat the effects of miRNAs in model
organisms are not always transferable to human conditdditionally, the interpretatiorof miRNA
literature is difficult at times because the two miRNA strands of the duplex miRNA have diféexht
sequenceand subsequenthdifferent targetsand functions.While the loading to the miRISC can have

a preferentialmiRNA due to stability, both miRNAs have the potentialto be regulatoryactive. Since

many publications daot differentiate betweerthe 5pand 3p miRNA contradicting results ardifficult

to interpret, whether the discrepancyis caused by differences in models and experiments or
investigated miRNA strand.

Another limitation of this study are the utilized cell lines. The effect on the TH metabolismrelated
genesby insulin was only observedin HepG2 cells and could not be replicatedin Huh-7 cells. The
HepG2 cells were selected as maimepatocyte model due to the expresswnTH metabolismrelated
genes,while Huh-7 cells lack SLC16A2expressionand would therefore, not accurately depict the

ef fect of TH signaling. Neverthel ess, both <cell
expression after Tz stimulation (see 6.1.4.1.1 and 6.3). Considering, that both cell lines are
immortalized cancercell lines, changesin gene expressionare to be expected.Additionally, Huh-7
cells are derived from a hepatocelluarcinoma while HepG2 cells are from a hepatoblastoma. A key
difference betweenboth cell lines is the absenceof miR-122 expressionin HepG2 cells [307], the
most abundant miRNA expressed in the liver [308]. The loss of18Rin HepG2 cells leads to a
disruption of liver homeostasisand suppressiorof hepatic phenotype[309]. This could make HepG2
cells more sensitiveto changesin miRNA concentrationcomparedto Huh-7 cells, but also underlines

the differencesdetween cancecell modelsand actual hepatocytesindeedthere are differencesin the

lipid metabolismwith both cell lines exceedingthe rate of DNL comparedto the rate observed in
MASLD patients.The rate of DNL in HepG2 cells is significantly smaller than in Huh -7 cells and
while still supraphysiologicatloserto MASLD conditions [310]. To ascertainthat insulin and miR-
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34a5p affect the TH signaling in MASLD, experimentswould have to be conductedin a MASLD

model closer to healthy hepatocytes.To that effect, preliminary experimentswere conductedusing

iPSC derived hepatocyteswith fructose and insulin stimulation. Unfortunately the maintenance
medium of the differentiated hepatocytescontains a not disclosedamount of insulin, which could

distort the results. Additionally, transfection of the cells with {B#&5p showed a low transfection
efficiency. Therefore, the protocols for metabolic stimulation and transfection need to be optimized for
further experiments.

Lastly the effect of miRNAs on their targetsdoesnot always translateinto a measurabledegradation

of mMRNA but can also effect the protein levels without causing changes in mRNA levels [173].
Unfortunately, there are no reliable antibodies a
changesin protein levels were overlooked, due to no changes imRNA levels. To circumventhis

problem we successfullydesignedtags that can be addedto the C-terminal end of the THRB gene

without disrupting the function of the protein (Figure 33). These tags have been added using

CRISPR/Cas to iPSC cell lines which can be differentiated into hepatd®yteells, though at the

conclusion of this thesis the cells were undergoing quality control and were not yet available for
experiments.

7.4.Implementation

We were able to show that the increaseof miR-34a5p negatively affects the TH signaling and
increased expression in thei v er . The only recently approved MASEH
agonist and improves steatohepatitis by inductioh TH signaling [70]. Still there are unresponsive
patients, which have no other option than to use life style changesto manage their disease.
Overexpressionof mir-34a5p can be detectedin blood serum levels and could therefore, indicate

patients that could potentially profit from a reduction of mi#&5p levels. Indeed mi34a has been
proposed as a biomarker for MASLD severity [224], though considering that miR-34a is also
increased in other liver diseases it should not be used for initial diagnosis. We were able to show that
treatmentof HFD fed mice with metformin reducedmiR-34a5p levelsin the liver and thus propose

that patients with increasedmiR-34a5p levels, who are unresponsiveto resmetirom could benefit

from the miR34a5p lowering quality of metformin. Additionally to metformin, while not currently in
development,an antagomiror miRNA sponge could be developed thatgets miR34a5p levels and

would present another option for the improvement of resmetirom function. Considering the tumor
suppressor activity of mi34a5p a complete loss of miB4a5p function might not be beneficial for
MALSD patients and the levahight need tight controls. Additionall\gfter progressiorof MASLD to

HCC, treatmentwith miR-34a5p might dependon the p53 status and after loss of p53 function
patientsmight benefit from an increasein miR-34a5p. Therewas indeeda trial for a miR-34a mimic

in cancertherapy (MRX34), which had to be terminatedearly due to severeside effects and death

[230] and displayeda very heterogeneoudistribution from organto organ [311].
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8. Outlook and conclusion

In this thesis wewere able to show miR-34a5p as a mastefregulatorof thyroid hormonesignalingin

the liver during MASH, we could prove binding of the miRNA to the targetsTHRB and DIO1 and

show impaired TH signaling after miR-34a5p overexpressionin vitro. Human and mouse data

highlight the relevance of miR4a5p in the disease and we were additionally able to show that
methylation of the THRB ge ne contributes t o t meMASHe phtiertise d TRbB
Furthermore,while we were only able to induce miR-34a5p expressionwith fatty acid treatmentin

vitro, stimulation of cells with fructose and insulin dysregulated expression of TH related genes, as
observed after miR-34a5p overexpression,indicating an influence of insulin resistanceon TH

signaling.

Further experiments should lm®nducted tanvestigate the effecdf insulin resistanceon the TH genes

and additional stimulation to induce miR-34a5p could be investigatedin cell lines with more
hepatocyte characteristics.Since we were unable to detect the effect of the fatty acid induced
expressionof miR-34a5p on the target genes, due to the discrepancy between miRNA regulation on
mMmRNA and protein level, the experiment should be repeated in iPSC derived hepldtecyills
containing one of the tested tags for verification of protein levels using Western blot , after
optimization of the iPCS protocolMore complex cell culture models should be investigated to better
mimic MASLD in cell culture and incorporate hepatic stellate cells for investigation of fibrosis or
Kupffer cells for inflammation.

In addition, we were unable to measurechangesin MIR34AHG methylation analysis using other
methodsthan pyrosequencingcould be usedto close the gap. WGBS, Microarray or nanoporecould
be used. Further, due to the regulatoryeffect of p53 on miR-34a5p expressionand observedchanges
in methylation in some cancerspotential differential methylationin MASH patients should be
investigated.

Lastly the effect of miR-34a5p reduction, through metformin or potentially miR-34a5p antagomirs,
on the efficacy of resmetirom and whether the miRNA improves response and phenotype should be
investigatedin cell culture and other suitable model systems.
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10. Supplemental Tables

Table 52. RNAsequencingHepG2 cells stimulatedwith fructoseand insulin

Gene,symbol baseMean logFC IfcSE pvalue adj,P,Val
SERPINE1 451,1679 1,724188 0,15826 6,94E29 7,21E25
APOC3 581,9538 -1,35682 0,143503 1,60E22 8,33E19
AKR1B10 502,0139 1,464611 0,159995 2,84E21 9,85E18
MT2A 20014,96 0,991353 0,112553 7,47E20 1,94E16
AKR1C1 7143,15 0,960988 0,123121 4,77E16 9,91E13
GDF15 3895,506 1,279526 0,165849 7,50E16 1,30E12
TGFBR3 1133,819 0,921558 0,123984 6,06E15 8,99E12
RP1t

1143G9,4 3090,813 0,938955 0,127047 8,36E15 1,09E11
LYz 3114,807 0,939335 0,128335 1,49E14 1,72E11
SLC7A11 460,5385 1,117714 0,161417 2,40E13 2,50E10
SOX4 1021,997 1,013158 0,146827 2,90E13 2,74E10
GLRX 434,254 1,158734 0,170144 5,02E13 4,01E10
AC132217,4 4024,786 -0,72507 0,10597 4,74E13 4,01E10
PDLIM1 1595,653 -0,77807 0,114271 5,95E13 4,42E10
JAG1 590,7857 0,880774 0,132969 2,07E12 1,43E09
FILIP1L 254,1311 1,283298 0,198323 5,25E12 3,41E09
AKAP12 643,9899 0,969985 0,150829 7,12E12 4,35E09
SLC6A14 317,1989 1,05782 0,167319 1,38E11 7,96E09
DUSP6 490,0487 1,0243 0,162837 1,71E11 9,33E09
ITGA2 373,8441 1,065234 0,171629 2,95E11 1,48E08
FSCN1 1482,584 -0,73554 0,118276 2,98E11 1,48E08
GCLM 415,4166 0,99221 0,162067 5,01E11 2,37E08
S100A6 1128,822 1,028815 0,168634 5,58E11 2,52E08
HOXD1 129,9273 1,748532 0,288806 6,09E11 2,64E08
SAT1 2070,397 0,702963 0,115693 7,91E11 3,29E08
ASPH 1147,874 0,757092 0,129928 3,45E10 1,38E07
HSPB1 1212,948 -0,80244 0,138406 3,83E10 1,47E07
ATP1B1 2114,163 0,671782 0,117583 7,34E10 2,72E07
TUBA1A 252,5834 0,979535 0,176607 1,54E09 5,52E07
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Gene,symbol baseMean logFC IfcSE pvalue adj,P,Val

CACNA2D4 282,2265 0,938297 0,169352 1,67E09 5,59E07
SERPINF2 1080,581 -0,73408 0,132021 1,63E09 5,59E07
MT1E 4166,104 0,626702 0,112464 1,72E09 5,59E07
ADH6 234,571 -0,99396 0,182227 2,51E09 7,90E07
PHLDA1 1559,184 0,63852 0,11661 2,67E09 8,17E07
TESC 759,5192 0,722196 0,134324 3,59E09 1,07E06
DCBLD2 1090,484 0,683983 0,128081 5,89E09 1,70E06
DHRS2 21623,13 -0,67428 0,128547 9,76E09 2,74E06
TRIB1 416,8816 0,746463 0,144627 1,46E08 3,99E06
SLC2A1 3043,795 0,74287 0,146338 2,34E08 6,23E06
IGF2 11610,51 -0,71371 0,141185 2,56E08 6,65E06
TXNRD1 755,3217 0,79879 0,158953 2,82E08 7,15E06
TM4SF1 2954,416 0,548551 0,108256 3,01E08 7,45E06
IL11 76,4994 1,433249 0,289917 3,67E08 8,87E06
LGALS3 136,3036 1,07601 0,219922 4,97E08 1,17E05
MALAT1 13274,9 0,784082 0,158969 5,63E08 1,30E05
PAQRS 406,6785 -0,79052 0,161975 5,87E08 1,33E05
CTGF 890,806 0,634752 0,12961 6,37E08 1,41E05
RAB11FIP4 601,2729 -0,72289 0,148537 6,69E08 1,45E05
C19orf77 442,83 -0,7445 0,154027 7,70E08 1,63E05
IER3 1560,01 0,814269 0,168889 7,97E08 1,66E05

Table 53. RNAsequencindHepG2 cells miR-34a5p inhibitor with fructoseinsulin

Gene,symbol baseMean logFC IfcSE pvalue adj,P,val

SERPINE1 462,0959 1,867378 0,16282 1,03E31 1,23E27
GLRX 451,0935 1,3547 0,165939 1,70E17 1,01E13
MT2A 19374,48 1,027043 0,143096 4,77E14 1,90E10
SOX4 1010,092 1,099323 0,156922 1,32E13 3,93E10
S100A6 1206,481 1,272871 0,190932 1,30E12 3,10E09
AKR1B10 442,9763 1,303772 0,198591 2,69E12 5,35E09
TGFBR3 1101,644 0,962803 0,149057 5,66E12 9,65E09
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Gene,symbol baseMean logFC IfcSE pvalue adj,P,val
MIR34A 31,61658 9,271686 2,778145 8,60E12 1,28E08
RP1%

1143G9,4 2944,835 0,939602 0,148377 1,31E11 1,74E08
LYZ 2971,926 0,94405 0,14942 1,56E11 1,86E08
SLC7A11 433,4491 1,091893 0,181087 8,62E11 9,36E08
AKR1C1 6808,888 0,95166 0,158901 1,21E10 1,20E07
AKAP12 609,8944 0,962389 0,162476 1,72E10 1,58E07
GDF15 3253,424 1,001171 0,16993 1,87E10 1,59E07
FILIP1L 230,0743 1,187145 0,202852 2,60E10 2,07&07
JAG1 571,6102 0,915219 0,15646 2,77TE10 2,07&07
ASPH 1100,22 0,77927 0,139463 1,37E09 9,62E07
SLC2A1 3042,088 0,862562 0,155085 1,48E09 9,79E07
GCLM 399,7077 1,014028 0,186148 2,70E09 1,69E06
APOC3 595,6601 -0,9654 0,17808 2,89E09 1,72E06
IGF2 10826,84 -0,77759 0,147496 7,71E09 4,38E06
CACNA2D4 270,9998 0,955217 0,183638 1,03E08 5,59E06
DCBLD2 1114,327 0,838748 0,161871 1,19E08 5,94E06
INS-IGF2 3942,957 -0,93022 0,179714 1,15E08 5,94E06
HPX 216,911 -1,17452 0,229682 1,39E08 6,64E06
TM4SF1 2922,357 0,644515 0,125507 1,84E08 8,44E06
ITGA2 367,6661 1,120576 0,2215 2,15E08 9,50E06
KANK4 155,8903 -1,21969 0,243034 2,73E08 1,16E05
PLAU 32,25087 2,45125 0,491189 2,84E08 1,17E05
ADAM9 314,7958 0,943823 0,191546 4,20E08 1,67E05
CCDC170 69,99307 -1,58613 0,325784 5,74E08 2,21E05
SAT1 1978,62 0,703482 0,14493 7,15E08 2,67E05
DUSP6 461,2306 0,976948 0,204332 8,60E08 3,11E05
TESC 721,3603 0,722744 0,151702 1,13E07 3,86E05
C19orf77 411,6549 -0,82052 0,173294 1,13E07 3,86E05
SLC6A14 283,9016 0,915925 0,195435 1,46E07 4,83E05
TIMP1 390,5323 0,966235 0,209185 1,85E07 5,98E05
RAB11FIP4 558,7911 -0,79357 0,172274 2,15E07 6,74E05
HOXD1 107,0181 1,442123 0,318208 2,45E07 7,49E05
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Gene,symbol baseMean logFC IfcSE pvalue adj,P,val

PAQRS 376,7468 -0,87641 0,193283 2,84E07 8,06E05

HSPB1 1165,099 -0,73458 0,161114 2,80E07 8,06E05

SNORD13 79,40781 -1,35345 0,297696 2,73E07 8,06E05

GPR126 732,2156 0,701095 0,155302 3,73E07 0,000104

IL11 73,22204 1,415999 0,321317 4,53E07 0,000123

FGB 550,828 -0,72115 0,163103 5,38E07 0,000143

HSPA13 150,2743 0,970885 0,221614 5,96E07 0,000155

PDLIM1 15334 -0,69407 0,158462 6,39E07 0,000162

APOC1 3061,85 -0,71105 0,165591 9,73E07 0,000242

GSTAl 75,40671 -1,53645 0,360193 1,02E06 0,000243

PEG10 11930,28 -0,57632 0,134212 1,03E06 0,000243
Table 54. RIP-seqdetectedmiR-34a-5p detectedtarget genes
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11. Appendix

11.1. Vectormaps

hTHRBExHIs
4341 o

Figure 36. Vectors designed for THRB tag tests. A) Control vector containing the THRB gene, B)
THRB3XFLAG vector containing a 3XFLAG tag at the C-terminal end of the THRB gene. C)
THRB6xHis vector containing a THRB C-terminal 6xHis tag. All plasmids were generated using

Vector Builder.
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Figure 37. Plasmidusedfor luciferasereporter assays

11.2. Characterization of miRNA expression in iPSC derived hepatocyte
like cells

To verify the differentiation of the iPSC derived hepatocytesnto hepatocytelike cell, the expression
of miR-122-5p was measured, the main miRNA in the liver. Pable 55shows, miR1225p is not
expressedn undifferentiatediPSCs, but highly expressedafter differentiation. The differenceto the
liver biopsy ample could be explainedwith either not fully maturedhepatocytelike cells or that the
liver biopsy contains more cell types than hepatocyteswhich would distort the measurementThe
other measurethiRNAs miR-34a5p and miR-1555p, were measureddue to their potential relevance
to the regulation of TH signaling in MASLD and miR-24-5p was used throughoutthis work as a
reliable housekeepermiRNA. The expressionof miR-34a5p increasesduring differentiation and
reacheshigher expressinthan the biopsy sample, meanwhile the expressionof miR-1555p reduces
and though still detectableis lower than the expressionin the biopsy sample.MiR-24-3p increases
during differentiation but doesnot reachthe expressionlevels of the biopsy.

Table 55. Comparison of Ct values between iPSC, iPSC derived hepatocytes and liver biopsy isolated
MiRNA expression

mMiRNA iPCS iPSCderivedHep 1 | iPSCderivedHep?2 | Liver biopsy
miR-122-5 ND 19,91048 19,98202 16,98445
miR-34a5p 30,59286 25,04647 26,10557 28,20375
miR-1555p 31,57852 32,09882 34,45556 28,91682
miR-24-3p 27,62709 22,44872 22,8826 19,97168

ND Not detectable
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12. Abbreviations

pCt
5mC
ABCA1
ACACA
Actb
ADIPOR1
AGO2
ALT
AMLD
APOA1
APOB100
AST

ATP
B2m
BisDNA
Bp
CASC3
CCl4

CDD
CD-HFD
CDHFHCD
cDNA
CETP
ChREBP
CpG
CPT1-L U
Cyclo
CYP7A1
DAMP

DE

o C value, calculatedby pC & Ctrargeti ClHousekeeper
5-methylcytosine

ATP binding cassetteransportermemberl
Acetyl-CoA carboxylase

Actin beta

adiponectinreceptorl

Argonaut protein 2

Alanine aminotransferase

American lifestyle diet

Apolipoprotein Al

Apolipoprotein B100
Aspartateaminotransferase
Adenosinetriphosphate

Beta2-microglobulin

Bisulfite converted DNA

Base pair

CASC3 exon junction complexsubunit
Carbontetrachloride

Choline deficient diet

Choline deficient high-fat diet

Choline deficient high fat high cholesteroldiet
ComplementaryDNA
Cholesterolestertransfer protein
Carbohydrataesponsiveelementbinding protein
Cytosineguanine dinucleotides

b-oxidation carnitine palmitoyltransferasel

Ppia geneencodingpeptidylprolyl isomeraseA (cyclophilin A)

Cholesterol 7 alphatydroxylase
Damageassociated molecular pattern

Definite endoderm
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DIO1
DIO2
DIO3
DNA

DNL
DNMT
DPP4
elFAE

ER
ESRRA
FABP7
FASN
FATP
FDPS
FFA

FXR
G6PC
GO
GLUT2
HCC
HCD

HFD
HFrD
HFrHFD
HFrHFHCD
HMG -CoA
HMGCR
HMGCS1
HNF 4 U
HPT

hRluc

Deiodinasetype 1

Deiodinasetype 2

Deiodinasetype 3

Desoxyribonucleicacid

De novolipogenesis

DNA methyltransferases

Dipeptidyl peptidase4

Eukaryotic translation initiation factor 4E
Endoplasmic reticulum
Estrogear el at ed receptor U
fatty acid-binding protein 7

Fatty acid synthase

Fatty acid transportprotein

farnesyl diphosphatesynthase

Freefatty acids

FarnesoidX receptor

Glucose6-phosphatase

GeneOntology

Glucosetransporter2

Hepatocellularcarcinoma

High cholesteroldiet

High-fat diet

High fructosediet

High fructosehigh fat diet

High fructosehigh fat high cholesteroldiet
3-hydroxy-3-methylglutaryl coenzymeA
3-hydroxy-3-methylglutarylcoenzyme A reductase
hydroxy-3-methylglutaryicoenzyme A synthase 1
hepatocyte nuclear factor
hypothalamuspituitary-thyroid

Renilla luciferase
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Insk
iPSC

| RE1 U
KEGG
Kik1b4
LDLR
LPS
LXR
MAMP
MAS
MASH
MASL
MASLD
MCAD
MCDD
MCTS8
ME
MHPS
miRISC
miRNA
MRNA
NASH
NAFLD
NCD
ncRNA
NFaB
Nfr2

nt
NTCP
NTP
PAMP

Insulin receptor

Inducedpluripotent stem cell

inositokrequiring enzyme 1 U

Kyoto Encyclopediaof Genesand Genomes
Kallikrein 1 related peptidase b4

Low density lipoprotein receptor
Lipopolysaccharide

Liver X receptor
Microbial-associatedmolecular pattern
Metabolic disfunctionassociatedsteatoticliver diseaseactivity score
Metabolic dysfunctiorassociatedsteatohepatitis
metabolic dysfunctionassociatedsteatoticliver
Metabolic dysfunctiorassociated steatotic liver disease
Mediumchain acyyCoA dehydrogenase
Methioninecholine deficient diet
Monocarboxylate transporter 8

Malic enzyme

MASLD human proximity score
mMiRNA-induced silencing complex

Micro RNA

MessengeiRNA

Nontalcoholic steatohepatitis

Non-alcoholic fatty liver disease
Noncommunicable diseases

Noncoding RNA

Nuclearfactor kappaB subunit 1
NF-E2-reatedfactor 2

Nucleotide
Nat/taurocholatecotransportingpolypeptide
Nucleosidetriphosphate

Pathogerassociatedmolecular pattern
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PCR Polymerasechain reaction

PCSK9 Proprotein convertasesubtilisin/kexin type 9

PDH pyruvate dehydrogenase

PDK4 Pyruvatedehydrogenas&inaseisoform 4

PEPCK Phosphoenolpyruvatearboxy kinase

Pfu PhusionHotstart II

PGC-1 U Peroxisomeproliferatoractivatedreceptorgammacoactivator 1-alpha
PI3K Phosphoinositide3-kinase

PNPLA3 Patatinlike phospholipaselomain containing protein 3
PTEN Phosphatasand tensin homolog

gRT-PCR Quantitativereal time polymerasechain reaction

RNA Ribonucleic acid

ROCK:i ROCK inhibitor

RT Reversetranscriptase

RIP-seq RNA-interacting protein immunoprecipitatiorsequencing
ROS Reactiveoxygen species

RXR Retinoid X receptor

SAM S-adenosylmethionine

SCD1 StearoydCoA desaturase

SD Standarddeviation

SEM Standarderror of mean

SIRT1 Sirtuin 1

SLC10Al Solute carrier family 10 memberl
SLC16A2 Solute carrier family 16 member2
SRB1 ScavengereceptorclassB memberl (

SREBP1c Sterol regulatory elementbinding protein 1c

SREBP2 Sterol regulatory elementbinding protein 2
STD Standarddiet

STZ Streptozotocin

T2D Type 2 diabetes

Ts Triiodothyronine
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Ta

TG

TF

TH
THRA
THRB
THRSP
TLR
TM6SF2
TNFU
TR
TRE
TRH
TSH
UCP2
UTR
VEH
VLDL
WD
WGBS

Thyroxine

Triglyceride

Transcriptionfactor

Thyroid hormones

Thyroid hormonereceptoralpha (gene)
Thyroid hormonereceptorbeta (gene)
Thyroid hormoneresponsiveprotein
Toll-like receptor

Transmembran& superfamily member2
Tumor necrosisfactor U

Thyroid hormonereceptor(protein)
Thyroid hormoneresponseelement
Thyrotropin releasinghormone
Thyroid stimulating hormone
Mitochondrial uncoupling protein 2
Untranslatedregion

Vehicle

Very low densitylipoprotein
Westerndiet

Whole genomebisulfite sequencing
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