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Summary

The liver is the central organ of the body involved in endo- and xenobiotic metabolism. By
activity of drug-metabolizing enzymes such as UDP-glucuronosyltransferases (UGTS)
residing in the liver as well as other tissues of the gastrointestinal tract and beyond, lipophilic
substances are conjugated with a sugar moiety rendering substances highly hydrophilic and
easily excretable via bile or urine. Oxidative stress is a major inducer of liver injury and is
associated with the development of liver diseases. UGTs metabolize a wide array of
hazardous compounds and reactive metabolites and, therefore, contribute to the reduction of
oxidative stress.

Transcriptional regulation of the UGT1A gene locus has been studied in detail. However, its
post-transcriptional regulation has not been fully elucidated to date. MicroRNAs (miRNAS)
are short (~22 nucleotides) endogenous, regulatory RNAs involved in the post-transcriptional
regulation of target genes. MiRNAs bind to miRNA Recognition Elements (MRES) in the 3’-
untranslated region (3’-UTR) of the target mRNA that forms a region of high
complementarity (seed match), which results in mMRNA degradation or translational inhibition.
In this work, the role of miRNAs in the post-transcriptional regulation of UGT1A expression
was investigated. A variety of miRNAs dysregulated in hepatocellular carcinoma were
studied in UGT1A 3’-UTR luciferase assays and were overexpressed in HepG2, Kyse-70, and
Caco-2 cell lines to evaluate a potential reduction of UGT1A mRNA and protein expression.
Interestingly, two miRNAs (miR-214-5p and miR-486-3p) inhibited luciferase activity,
UGT1A mRNA, and protein expression. The bioinformatic analysis within the UGT1A 3’-
UTR revealed miRNA-binding sites. The mutation of putative responsible nucleotide
sequences was able to recover luciferase activity demonstrating post-transcriptional regulation
of miR-214-5p/486-3p via the beforehand identified MREs. Additionally, the application of
antisense oligonucleotides inhibited miRNA functionality and restored luciferase activity. The
study of the potential contribution of the identified miRNAs in the development of liver
cirrhosis resulted in an upregulation of miR-486-3p within the serum of cirrhotic patients.
Moreover, miR-486-3p was shown to be upregulated in male fibrotic htgUGT1A-WT mice
leading to reduced UGT1A mRNA expression. This indicates a possible impact of miR-486-
3p on glucuronidation capacity in fibrotic mice. The transfection of miR-486-3p into mice
hepatocytes suggested a reduction of UGT enzymatic activity. In summary, miR-214-5p and
miR-486-3p were discovered as two novel miRNAs regulating UGT1A expression by binding

to target sites in the common UGT1A 3’-UTR resulting in the downregulation of UGT1A
Il



MRNA and protein expression. Moreover, miR-486-3p is hypothesized to be a potential risk
factor for the development or progression of liver fibrosis/cirrhosis due to a reduced UGT1A-
mediated glucuronidation activity towards reactive metabolites and the potential disruption of

the metabolic antioxidative balance in the liver.
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1 Introduction

1 Introduction

1.1 Detoxification of Endo- and Xenobiotics by the Liver

The detoxification and elimination of endo- and xenobiotics is an essential part of human
metabolism, which ameliorates substance-driven biological effects and their potentially
harmful impacts. Many organs contribute to metabolism such as the lungs, kidneys, and
intestines. However, the liver is one of the most metabolically active tissues [1]. The liver is
the largest gland and the central metabolic organ of the body. Substances released from the
intestine into the bloodstream are transported to the liver and its associated cells (hepatocytes)
via the portal vein to be stored, utilized, converted, or detoxified. The liver stores
polysaccharides, lipids, amino acids, and vitamins. It is the relevant synthesis site for
coagulation factors, albumin, C-reactive protein, endogenous cholesterol, and bile. With the
aim of eliminating toxins and other potentially hazardous compounds, about 2000 liters of
blood are pumped through the liver daily. This allows the liver to convert toxic ammonia to
non-toxic urea, and metabolize about 1 gram of alcohol per hour and per 10 kilograms body
weight [2].

For detoxification purposes, the liver expresses a variety of drug-metabolizing enzymes that
catalyze reactions in two major steps of biotransformation. These two enzymatically catalyzed
phases of biotransformation are distinguished into: 1) functionalization and 2) conjugation
reactions. In phase I, functional groups are added to, or unmasked within the target compound
by oxidation, reduction, and hydrolysis reactions to increase the polarity of the compound.
Typical functional groups include hydroxyl (-OH), sulfhydryl (-SH), carboxyl (-COOH), and
amino (-NH) groups. Among others, cytochrome P-450 (CYP) enzymes are central to the
catalysis of oxidation and reduction reactions accompanied by hydrolases to complete
functionalization reactions [3]. In the second phase, the functionalized metabolite can be
enzymatically conjugated with a polar group such as a sugar moiety (uridine diphosphate
[UDP]-glucuronosyltransferases),  sulfate  (sulfotransferases), amino acids  (N-
acetyltransferases) or glutathione (glutathione S-transferases) to render the hydrophobic
compound water-soluble and excretable [4]. Subsequently, the hydrophilic conjugates
undergo carrier-associated transport from the cell into the water phase and are thereby
eliminated from the body [5]. Therefore, CYP-mediated phase | reactions are associated with
the generation of reactive oxygen species (ROS), whereas phase 11 reactions play an essential

role for cellular defense against oxidative stress (OS)-related tissue injury [6].



1 Introduction

1.2 Oxidative Stress

OS represents the cellular imbalance of oxidants and the antioxidant response [7]. The crucial
component of OS are free radicals, which are molecules with an unpaired electron in their

valence orbital [8]. Oxygen-containing free radicals with an unpaired electron are superoxide
anion (O2") or the hydroxyl radical (OH’), whereas oxygen derivates without an unpaired

electron are hydrogen peroxide (H202), singlet oxygen (*O2) or hypochlorous acid (HOCI).
Both types of oxygen-derived radicals can be summarized and are collectively termed as
ROS. ROS are part of aerobic life and involved in the manifestation of vital cellular functions,
including signal transduction, gene expression, and cellular growth or death [9]. ROS can be
produced by the mitochondrial respiratory chain [10], CYP-derived oxidative metabolism
[11], and auto-oxidation of endogenous substrates such as catecholamines, quinones, or heme
proteins [12].

The primary goal of cellular redox homeostasis is to restrict ROS at levels that are not
harmful for the organism. This is achieved by low-molecular-weight antioxidants
(glutathione, vitamin E, beta-carotene, melatonin, etc.) or antioxidative enzymes (glutathione
peroxidase, catalase or superoxide dismutase), which can remove or deactivate ROS [13-15].
However, when ROS levels become excessively high, this generates a redox imbalance,
potentially leading to ROS-mediated oxidation of DNA, proteins, and lipids that may
contribute to the pathogenesis of diabetes, cardiovascular and neurodegenerative disorders, or

to severe liver diseases [8, 16-20].

1.3 Oxidative Stress-Induced Liver Diseases

OS is a driving force in many chronic liver diseases such as chronic hepatitis, liver
fibrosis/cirrhosis, and hepatocellular carcinoma (HCC) [8]. Ethanol is a highly potent
hepatotoxin and its metabolism generates increased hepatic levels of ROS. Under chronic
alcohol consumption, high levels of ROS are generated by the various cell types of the liver,
including hepatocytes, Kupffer cells (liver-specific macrophages), and hepatic stellate cells
[21-24]. Hepatocytes are the major source of ROS through enzymatic activities of cytosolic

alcohol dehydrogenase, NAD(P)H oxidase, or microsomal CYP2E1 enzymes that can release
O2" due to uncoupling of the catalytic cycle [25-27]. Among the consequences of alcoholic

liver disease (ALD) are hepatic lipid accumulation (hepatic steatosis) and/or Kupffer cell-
driven liver inflammation (alcoholic hepatitis) resulting in hepatocyte necrosis or apoptosis
2



1 Introduction

that eventually activates profibrotic mechanisms leading to fibrosis. This pathological
condition constitutes a highly dynamic scarring process of the liver characterized by the
excessive accumulation of extracellular matrix (ECM) proteins and collagen [28-30] (Figure
1).

Hepatic steatosis

pe ~

5 ”

Hepatocellular
carcinoma

Normal liver Liver fibrosis Liver cirrhosis

Alcoholic hepatitis

Figure 1. Stages of Liver Damage due to Excessive Alcohol Intake. Among others, alcohol is a detrimental
hepatotoxin that induces chronic liver injury. It is metabolized in hepatocytes by alcohol dehydrogenase and
cytochrome P450 2E1, which results in elevated production of reactive oxygen species (ROS). Ethanol-induced
dysregulation of profibrotic signaling pathways, chemokines, and inflammatory cytokines lead to fatty liver
(hepatic steatosis) and/or hepatocyte inflammation (alcoholic hepatitis). Hepatocyte apoptosis/necrosis and
macrophages (Kupffer cells) release high levels of ROS, which leads to the activation of hepatic stellate cells
that form scar tissue by the deposition of extracellular matrix proteins and collagen (liver fibrosis). The
irreversible end-stage of chronic liver injury is cirrhosis that most often ends in HCC. The figure was modified
from [31].

If the deleterious stimuli persist, liver fibrosis may progress to liver cirrhosis, which may
result in liver failure or HCC [32]. Other conditions that can cause liver cirrhosis are viral
hepatitis, cholestasis, and non-alcoholic steatohepatitis (NASH), which are all inevitably
associated with OS [33-35]. Antioxidant enzymes actively remove ROS and thereby maintain
a balance between the oxidant and antioxidant response [36]. The identification of molecular
mechanisms, capable of influencing antioxidative enzymes involved in the protection against
reactive metabolites is of crucial importance to counteract the OS-induced development of
liver diseases. Together with other cytoprotective enzymes, UDP-glucuronosyltransferases
(UGTs) play an essential role for cellular defense against reactive metabolites and are

consequently functionally classified to act as indirect antioxidants [4, 37].
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1.4 UDP-glucuronosyltransferases

UGTs are a superfamily of transferases (EC 2.4.1.17) localized in the smooth endoplasmic
reticulum (ER) involved in the covalent linkage of lipophilic endo- and xenobiotics with
glucuronic acid provided by UDP-glucuronic acid. UGTs render the hydrophobic parent
compound water-soluble, biologically inactive, and readily excretable via bile or urine (Figure
2). A plethora of endobiotic (bile- and fatty acids, bilirubin, steroids, thyroid hormones) and
xenobiotic substances (therapeutic drugs, carcinogens, environmental pollutants) are removed
from the body via glucuronidation [38]. UGTs catalyze the transfer of glucuronic acid to
many commonly occurring functional groups (-OH, -COOH or -NH), whereby structurally

diverse compounds can be subjected to glucuronidation [6].

‘ . Lumen
Glucuronide
/' Conjugate

UDP-Glucuronosyltransferase \

UDP-GIcUA / Glucuronide
Uptake Efflux

Transporter. ' gyhstrate ! Transporter
UDP-GIcUA Cytosol

Figure 2. Subcellular Localization and Catalytic Activity of UDP-glucuronosyltransferases (UGTs). UGTs
are anchored by their C-terminal transmembrane domain to the smooth endoplasmic reticulum (ER) membrane,
whereas the N-terminal domain with the active site is located in the ER lumen. Co-substrate UDP-glucuronic
acid (UDP-GIcUA) is imported by UDP-GICUA uptake transporters, lipophilic substrates diffuse through the
membrane and are both covalently linked by UGTs. The resulting water-soluble glucuronide is exported by
glucuronide efflux transporters to the cytosol to be finally removed by biliary or renal elimination. The figure
was modified from [6].

UGTSs are synthesized as multi-domain proteins, transported, and inserted into the ER by an
amino (N)-terminal signal peptide and anchored by a carboxy (C)-terminal transmembrane
domain and an ER retention signal. Hybrid protein synthesis and sequence analysis found that
the conserved C-terminal domain is involved in UDP-glucuronic acid binding, whereas the
variable N-terminal half provides substrate binding [39, 40]. Comparative human cDNA
analysis confirmed UGTSs to consist of a set of 285-289 variable N-terminal and 246 identical

C-terminal amino acids (AAs) domains [41].
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To date, 22 human UGT proteins have been identified, distributed across four UGT families
(UGT1, UGT2, UGTS3, and UGT8) [42]. However, the most catalytically active subfamilies
are UGT1A, UGT2A, and UGT2B [43].

The human UGT1A locus is located on chromosome 2g37, spans about 200 kb, and encodes
nine functional isoenzymes of 50-60 kDa [44, 45]. UGT1A messenger RNAs (MRNAS) are
generated by combining an individual isoform-specific exon 1 with the common exons 2-5,
including 3'-untranslated region (UTR) (Figure 3). Every UGT1A gene is regulated by its own
promoter, which leads to isoform-specific expression mediated by different transcription
factors (TFs) [46]. Nevertheless, the prevalence of single nucleotide polymorphisms (SNPs)
in UGT1A promoters or coding sequences was described to alter UGT1A transcriptional
induction and enzymatic properties, and SNPs exhibit frequencies up to 40 % in the white
population [45].

common exons 2-5 and 3"-UTR
Chromosome 2¢37

i i

5— {117 W TarT H &8 H Taio W 1as H iy H ime Hias Hia Hias Hias Hiar He W3 Ha 5]

Transcription

[ [ [ e
Exon splicing : N

UGT1A3 mRNA (NM_019093.2) (a3 T2]3Ta]5]

Figure 3. Generation of UGT1A Transcripts by Exon Sharing. The UGT1A locus is located on chromosome
2937 and is composed of nine isoform-specific first exons (LA1-1A10; UGT1A2, UGT1A11l and UGT1A12 are
pseudogenes) and four shared exons 2-5, including a common 3'-untranslated region (3'-UTR). Transcription of
each UGTL1A gene is tissue-specific and inducible by its own promoter. Transcripts are generated by exon
sharing outlined for UGT1A3 mRNA (NCBI, NM_019093.2). The figure was modified from [45, 47].

1.5 Transcriptional Regulation of the UGT1A locus

UGT1A genes are subject to constitutive and inducible expression regulated by TFs targeting
their binding sites in the 5’-upstream promoter regions [48]. For instance, the constitutive
expression of UGTSs is regulated by TF hepatocyte nuclear factors (HNF) la and 4o in hepatic
or extrahepatic tissues, in combination with intestine-specific TF caudal-related
homeodomain protein 2 [49, 50]. On the other hand, the inducible UGT1A expression is
regulated by tissue-specific (ligand-activated) TFs. Among others, these TFs involve nuclear
receptors, including farnesoid X receptor (FXR), constitutive androstane receptor (CAR), and
pregnane X receptor (PXR) [48]. A common feature of FXR-, CAR- and PXR-regulated DNA
binding is the dependence on heterodimerization with retinoid-X-receptor alpha (RXRa)

likewise a TF and a member of the nuclear receptor superfamily [51, 52]. The aryl
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hydrocarbon receptor (AhR), which is not part of the nuclear receptor superfamily, is a
ligand-dependent TF capable of inducing drug metabolizing enzyme gene (e.g. CYP450 or
UGT1A) expression in response to xenobiotic stress [53].

After ligand binding to AhR (e.g. polycyclic aromatic hydrocarbon such as benzo(a)pyrene),
AhR translocates into the nucleus and forms a heterodimer together with AhR nuclear
translocator (ARNT) [54]. The AhR-ARNT heterodimer binds to 5’-regulatory regions such
as xenobiotic response elements (XRE) identified in the promoters of UGT1A genes that
induces their transcription [55]. The intracellular OS sensor nuclear factor erythroid 2-related
factor 2 (Nrf2) is a TF that underlies cullin 3 (CUL3)-Kelch-like ECH-associated protein 1
(Keapl)-mediated ubiquitination and degradation under normal conditions [56]. In response
to OS, Keapl is inactivated releasing Nrf2 from cytoplasmic sequestration. Activated Nrf2
translocates into the nucleus, binds to antioxidant response elements (ARE), which results in
the transcription of cytoprotective genes [57]. A coordinated Nrf2- and AhR-dependent
transcriptional regulation of UGT1A genes has been described [58]. A brief explanation of the

individual UGT1A isoforms is provided in the following sections.

151 UGTIA1L

UGT1AL1 is highly expressed in the liver and the gastrointestinal (GI) tract, including the small
intestine, colon, and stomach [59]. It is involved in the detoxification of endogenous bilirubin
(a degradation product of heme-containing proteins) and a myriad of xenobiotics such as
therapeutic agents, 2-hydroxyestrone, oestradiol, irinotecan metabolites, and mutagenic
xenobiotics [43, 60, 61]. UGT1AL transcription is induced by HNF1, upstream stimulating
factor, AhR, CAR, PXR, or peroxisome proliferator-activated receptor (PPAR). However,
UGT1A1 transcription is reduced by SNPs in the UGT1Al promoter and coding sequence
[62].

1.5.2 UGTIA3

UGT1A3 is expressed in the intestine, and at lower levels in the liver and extrahepatic tissues
such as the colon, and stomach [63]. It is involved in the glucuronidation of bile acids,
estrogens, and vitamin D derivatives. Xenobiotic substances include benzo(a)pyrene
metabolites or non-steroidal anti-inflammatory drugs (e.g. ibu-, flurbi- or ketoprofen), which
induce UGT1A3 transcription mediated by AhR [45, 64, 65]. The UGT1A3 gene shares high
homology in the coding (> 90 %) and promoter (> 80 %) region with the UGT1A4 gene [66],

which commonly leads to the shared N-glucuronidation of primary, secondary, and tertiary
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amines [67]. UGT1A3 transcription can be induced by FXR or PPAR, while respective
binding sites are lacking in the UGT1A4 promoter [48].

153 UGT1A4

UGT1A4 is expressed in the liver and various other tissues, including the bile ducts, colon,
and small intestine [45]. As outlined in section 1.5.2, the human UGT1A4 gene is closely
related to UGT1A3 and it catalyzes the glucuronidation of a variety of endo- and exogenous
compounds, including antidepressants, anticonvulsants, and environmental mutagens [68]. In
return, xenobiotics induce UGT1A4 transcription via AhR that is able to access two XRE
elements located in the UGT1A4 promoter [69].

1.54 UGTI1AG

UGT1AG6 is widely expressed in human tissues at different levels, including the liver, small
intestine, and colon [70]. It is described as “phenol UGT” due to its ability to catalyze the
glucuronidation of planar phenols (e.g. 1-naphthol or 4-nitrophenol), phenolic benzo(a)pyrene
metabolites, and carcinogenic arylamines [45, 71]. It glucuronidates endogenous serotonin
and the therapeutic drug paracetamol [72, 73]. These compounds serve as ligands for tissue-
dependent and xenobiotic-derived transcriptional regulation by either AhR or Nrf2, as well as
PXR and CAR [70].

155 UGTIAY

The UGT1A7 gene product is highly expressed in extrahepatic tissue (the small intestine,
colon, and kidneys) and at minute amounts in the liver, if at all biologically relevant [59].
Therefore, UGT1A7 was suggested to provide initial glucuronidation at the entry point of
xenobiotics, i.e. aerodigestive tract (e.g. esophagus, stomach, and trachea) [48]. UGT1A7
catalyzes the glucuronidation of a spectrum of xenobiotics, including mutagens, phenols,
anthraquinones, flavones or naphthol structures [45, 48]. A higher affinity for irinotecan
metabolites (SN-38) has also been observed in UGT1A7 compared to UGT1Al [74]. A
number of UGT1A7 genetic variants were identified, for instance UGT1A7*3, resulting in AA
substitutions of exon 1 causing a lowered catalytic activity of UGT1A7 [75]. UGT1A7*3
encodes a protein with low detoxification activity and represents a risk factor for the
development of HCC [76].
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1.5.6 UGTI1A9

UGT1A9 is primarily expressed in the liver [48]. Additionally, it is highly expressed in the
kidney, and at variable levels in other tissues such as colon, adrenal, and bladder [77]. Its
broad substrate specificity encompasses anticancer agents, catechol estrogens, fatty acids, and
mutagenic arylamines [78-80]. UGT1A9 expression is induced by HNFla/ 40, AhR, Nrf2,
and PPAR [48, 50, 81-83].

1.6 MicroRNAs as Post-Transcriptional Regulators of Gene Expression

In 1993, the new era of small, endogenous RNA molecules named microRNAs (miRNAS)
began when it was discovered that the developmental transition of larval stages in
Caenorhabditis elegans (C. elegans) is regulated by miRNAs [84, 85]. These single-stranded
(ss), short (~ 22 nucleotides [nt]) RNA stretches function as post-transcriptional regulators of
gene expression. Mammalian miRNAs exert their effects primarily by imperfect binding to
the 3’- UTR of the target mMRNA [86]. Together with other small RNAs, the formed level of
sequence complementarity with the target mRNA can induce gene silencing, a process
collectively termed as RNA interference [87]. MiRNAs were found to be expressed in
numerous living organisms. They are involved in a large variety of cellular processes such as
cell proliferation and cell death, carcinogenesis, immune response, lipid metabolism,
differentiation of mammalian hematopoietic lineages, and plant leaf development [88-91]. In
humans, miRNAs are further involved in xenobiotic metabolism, were they have been
reported to regulate the expression of CYPs and other drug-metabolizing enzymes [92, 93].
Approximately 1,527 miRNAs have been reported to be encoded in the human genome [94].
Based on a computational search considering miRNA-based binding properties with the target
MRNA, it was proposed that miRNAS repress more than 60 % of mammalian protein-coding
genes [95]. In this process, a single miRNA may be capable of regulating hundreds of target
genes [96, 97].

1.7 The Biogenesis of miRNAs

Although miRNAs can originate from pre-mRNA-derived intron-splicing (“mirtrons™) [98],
their primary biogenesis is the canonical or “linear” pathway (Figure 4). Therein, miRNAs are
transcribed by RNA polymerase Il or 11l from their genomic loci, which generates 5'-capped,

poly(A) tailed (RNA polymerase IlI) primary miRNA (pri-miRNA) transcripts several
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kilobases long [99, 100]. The pri-miRNA is cleaved by the microprocessor complex (Drosha-
DGCRS), which is RNase 11l enzyme Drosha and its cofactor DiGeorge Critical Region 8
(DGCRS) into the ~70 nt precursor miRNA (pre-miRNA) hairpin that is exported from the
nucleus into the cytoplasm by Exportin-5 (Exp-5)-Ran-Guanosine-5’-triphosphate (GTP)
[101, 102]. However, the Drosha-mediated cleavage is not obligatory for miRNA derived
from introns [98].

The pre-miRNA is cleaved into a miRNA duplex of mature length (~ 22 nt) by further RNA-
induced silencing complex (RISC) loading complex subunit TAR-RNA binding protein
(TRBP) and endoribonuclease Dicer [86, 103-105]. The RISC is formed by the incorporation
of the mature miRNA into the Argonaute 2 (Ago2) protein, whereas the miRNA passenger
strand is degraded [106, 107]. The ~100 kDa Ago2 protein is suggested as the catalytically
active key component of the RISC involved in “slicing” of the complementary mRNA target
[108]. Finally, the mature miRNA guides the RISC to the target mMRNA’s (typically 3’-UTR)
miRNA Recognition Element (MRE) to form perfect base pairing between the miRNA 5’-end
nts 2-8 (called the “seed region”) and the target mRNA. Perfect base pairing in this region
initiates the Ago2-mediated target mRNA cleavage, rapid deadenylation or translational
inhibition [109, 110]. In addition, other miRNA-mediated mechanisms of eukaryotic gene
expression regulation have been described [111]. Moreover, it has been suggested that
additional base pairing between the miRNA 3’-end and the target mRNA increases the
specificity of the RNA duplex and compensates for weak base pairing at the miRNA 5’-end
[112].
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Figure 4. Biogenesis Pathway of Mammalian MicroRNAs. The transcription of microRNA genes in the
nucleus and multiple steps of post-transcriptional processing are required to generate a mature single-stranded
microRNA that can be incorporated into the RNA-induced silencing complex (RISC). The microRNA guides the
RISC to the target mRNA, which induces MRNA degradation, deadenylation, or translational inhibition. The
figure was modified from [109, 110].

1.8 MicroRNAs and the Development of Liver Diseases

MiRNAs are considered as relevant regulators of liver function during the onset of liver
diseases [113], including fibrosis or cirrhosis [114], non-alcoholic fatty liver disease
(NAFLD)/ NASH [115], and HCC [116]. Recently, it has been reported that miRNAs
interfere with the expression of enzymes involved in the hepatic drug and xenobiotic
metabolism [93].

In 2013, Vuppalanchi and collaborators found that miR-155 is significantly associated with
decreased hepatic CYP3A activity and doubles the rate at which liver cirrhosis develops

[117]. Previous studies have indicated that miR-155 regulates inflammation and is
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upregulated in other chronic liver diseases such as ALD and HCC [118, 119]. In 2014, Dluzen
et al. were the first to report a miR-491-3p-mediated negative regulation of UGT1Al,
UGT1A3, and UGT1A6 mRNA expression in the liver cancer cell line Huh-7 [120]. Dluzen
and colleagues found that the overexpression of miR-491-3p resulted in a reduced UGT1A1-
mediated glucuronidation of a chemotherapeutic agent in Huh-7 cells, which suggested an
intervention of mMIRNAs in drug metabolism. Moreover, post-transcriptional regulation of a
number of TFs (outlined in section 1.5) was described to be affected by miRNAs leading to an
impaired transcriptional activation of CYP or UGT1A enzyme genes [121-124].

1.9 Circulating miRNAs as Promising Biomarkers

In recent years, miRNAs have been found to serve as stable, prognostic, and diagnostic
biomarkers for the detection of cancers [125]. In 2004, Calin et al. discovered that miRNA
genes were located in fragile sites of the genome or cancer-associated genomic regions [126].
The investigators also found that miRNA genes could be located in breakpoint regions or
minimal regions associated with loss of heterozygosity and amplification, linking the altered
expression patterns of miRNAs with the development of cancer [126, 127]. When bound to
lipid proteins or encapsulated in extracellular vesicles (microvesicles or exosomes), mirtrons
are considered to be the stable form of circulating miRNA, detectable in circulating body
fluids such as peripheral blood, including plasma or serum [128-131]. In many aspects,
circulating miRNAs are pointed as promising biomarkers, for instance, the early detection of
drug-induced liver injury [132], the prediction of HCC risk in cirrhotic patients with viral
hepatitis [133] or the distinctive prediction of a particular liver disease such as
fibrosis/cirrhosis, NAFLD, NASH or ALD [134].

1.10 Objectives of this Dissertation

MiRNAs are known to modulate the expression of target genes by binding to partially
complementary sequences in the 3’-UTR of the target mRNA. It is well known that the
increase of OS leads to the development of liver diseases. A reduced expression of drug-
metabolizing enzymes (e.g. UGT1A7) is associated with an increased risk for the
development of HCC due to reduced endo- and xenobiotic detoxification. This suggests that

MIiRNAs and their associated potential of silencing UGT1A expression are likely effectors of
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the metabolic antioxidative balance in the liver, and thereby contribute to OS-induced liver

damage.

To date, little is known about the post-transcriptional regulation of UGT1A expression by

miRNAs and their potential contribution to the pathogenesis of liver fibrosis/cirrhosis. For a

better understanding of these processes, this thesis aimed to adress the following five issues:

1.

To investigate a potential negative regulatory effect on the common UGT1A 3’-UTR,
luciferase reporter gene assays will be carried out on 30 miRNAs differentially
expressed in HCC [135].

To examine a potential reduction of UGT1A mRNA and protein expression after
miRNA transfection in cell culture, comprehensive Real-Time PCR (UGT1A mRNA)
and Western blot (UGT1A protein) analyses will be conducted covering the 30
miRNAs mentioned in objective 1.

To analyze a miRNA and UGT1A 3’-UTR base pairing and to reveal a potential post-
transcriptional regulation of UGT1A expression through the common 3’-UTR, a
computational analysis for MREs with the highest thermodynamic stability will be
performed using online databases. To test the loss of miRNA functionality, the
predicted nucleotide stretches responsible for seed matching will be mutated in the
UGT1A 3’-UTR and verified by luciferase reporter gene assays.

An aberrant miRNA expression profile has frequently been linked to human cancer
types [126]. In consequence, miRNAs from plasma or serum are often used as
valuable prognostic/diagnostic biomarkers to predict tissue-derived malignant changes
[131, 136]. The 4™ objective of this project is to determine the expression levels of
circulating miRNAs in the serum of 60 cirrhotic patients and 42 healthy controls
performing quantitative polymerase chain reaction analysis. The miRNAs identified in
objectives 1-3 will be further examined in this analysis. This experiment may evaluate
miRNAs as potential risk factors for the development or perpetuation of liver
fibrosis/cirrhosis due to a reduced UGT1A-mediated detoxification capacity.

The dysregulation of miRNAs is often associated with the pathogenesis of liver
diseases such as fibrosis/cirrhosis, NAFLD/NASH, and HCC [114-116]. Therefore,
the 5 objective of this project is to translate the findings from the human analysis
(objective 4) to the animal model, where the expression of the previously identified
miRNAs will be studied at simulated conditions of ALD. A humanized transgenic

mouse model of alcoholic liver fibrosis will be established and the miRNA expression

12
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levels in livers of treated mice will be determined by quantitative polymerase chain
reaction at the end of the experiment.

13
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2 Materials and Methods

2.1 Materials

2.1.1 RNA from Serum of Cirrhotic Patients Underwent TIPS Procedure

All patient and control RNA samples were collected by the lab group Trebicka at the Medical
Clinic I, University Hospital Bonn. The RNA was isolated from serum obtained from the liver
vein of cirrhotic patients underwent transjugular intrahepatic portosystemic shunt (TIPS)
placement (n=60) or peripheral blood of healthy individuals (served as controls; n=42) [137,
138]. Prior to the RNA isolation procedure 2 pmol/200 pL SV40-miRNA (Qiagen, Hilden,
Germany) was added to the serum samples, for later normalization of circulating miRNA
levels. The miRNA was reverse transcribed using a stem-loop primer for generation of the
first product of reverse transcription (RT). For amplification of the RT product during end-
point PCR, a SV40-miRNA or miRNA of interest specific forward primer and a universal
reverse primer (complementary to a nucleotide sequence of the stem-loop) was used. The
miRNA expression levels were measured in a quantitative Real-Time PCR (TagMan-gPCR,
section 2.2.16).

2.1.2 Humanized Transgenic UGT1A Mice

A humanized transgenic (htg) UGT1A mouse model was used, where mice contain the entire
human UGT1A gene locus apart from UGT1A8, UGT1A10 and pseudogenes (UGT1A11 and
UGT1A12) illustrated in
Figure 3 [139]. A quantitative Real-Time PCR confirmed six gene copy numbers in
htgUGT1A-WT mice, and fluorescence in situ hybridization (FISH) analysis demonstrated
their localization on the same chromosome [139].
Transgenic htgUGT1A-WT mice were generated by breeding transgenic mice with non-
transgenic C57BL/6J-mice (Jackson Laboratories, Maine, USA) and the offsprings were
PCR-tested for the human UGT1A3 gene. The positively tested transgenic mice were used for
experiments in the age of 8-12 weeks, housing in individually ventilated cages in a
temperature-controlled environment with a 12-hour light-dark cycle in the Central Animal
Facility of the University Hospital Bonn. All experiments were performed in accordance with
the “German Animal-Protection Law” and approved by the North Rhine-Westphalia state-
agency for Nature, Environment and Consumer Protection (LANUV, Germany).
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As outlined in the objective 5 (section 1.10), the generation of a htgUGT1A-WT mouse model
of alcoholic liver fibrosis was pursued by applying a two-hit model. Ethanol exposure causes
direct oxidative attack on the liver tissue (“first hit) [140], but is not sufficient to generate
liver fibrosis. Thereby, a “second hit” was performed by carbon tetrachloride (CCls)
treatment. This treatment was reported to develop steatosis, perisinusoidal and portal fibrosis
or bridging fibrosis [141]. Therefore, htgUGT1A-WT mice were administered drinking water
containing 5 % (v/v) ethanol for 8 weeks (or water without ethanol as a control) and
additionally, received 5 % (v/v) CCl, dissolved in corn oil intraperitoneal injection (2 mL/kg
body weight) twice a week. The total duration of the experiment was 8 weeks. The CCl4
intraperitoneal injection was administrated in the last 4 weeks. Mice were sacrificed and livers

immediately frozen in liquid nitrogen followed by storage at -80 °C in a freezer until required.

2.1.3 Human Cell Lines

In this work the following human cell lines were used:
= Kyse-70: esophageal squamous cell carcinoma (DSMZ no. ACC 363)
= Caco-2: colon adenocarcinoma (DSMZ no. ACC 169)
» HepG2: HCC (DSMZ no. ACC 180)
= Hek293: human embryonal kidney (DSMZ no. ACC 305)

2.1.4 Bacterial Strains and Plasmids

Table 1. Bacterial Strains and Plasmids Used in this Work.

Strain or Plasmid Relevant Genotype Reference
Strain

Escherichia coli (E.coli) el4-(McrA-)recAl endAl gyrA96 Lab collection
JM109 thi-1 hsdR17 (rK-mkt) supE44

relAl A(lac-proAB) [F’tra D36
proAB lacliZAaM15]

Plasmids

pGL3-Basic Vector Firefly luciferase reporter vector, Promega

Amp'
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PRL-TK Vector

Renilla luciferase transfection Promega

control vector, Amp'

pGL3-UGT1A-3-UTR

pGL3-Basic Vector with 679 bp Lab collection
of common UGT1A 3’-UTR,

cloned into SnaBl-site after

mutagenesis of Xbal- to SnaBl-

site

pGL3-UGT1A-3’-UTR
AmiR-486-3p binding site

pGL3-UGT1A-3’-UTR with 8 nt This work
mutation at position nt 340 from
stop codon in UGT1A 3’-UTR

pGL3-UGT1A-3’-UTR
AmiR-214-5p binding site

pGL3-UGT1A-3’-UTR with 8 nt This work
mutation at position nt 258 from
stop codon in UGT1A 3’-UTR

2.1.5 Oligonucleotides

Table 2. Oligonucleotides for Amplification and Mutagenesis. All primers used in this work were purchased

at MWG Eurofins.

Oligonucleotide

Orientation Restriction Sequence (5’ > 3°)

Site
pGL3 vorXbaF  Forward CAGAGAGATCCTCATAAAGGCCA
pGL3 hinXbaR  Reverse CTCATCAATGTATCTTATCATG
UGT 3’UTR Forward SnaBl GATACGTAGAAGTGGGTGGGAAATAAGGTA
SnaBI F AAATTTTGAACC
UGT 3’UTR Reverse SnaBl AATACGTACTTGCCCAGCACTTCATAGCTG
SnaBI R
3’'UTR WT Forward GGTCCCACCAAATTTAATACTGCAAATGG
340bp mut fw
3’'UTR WT Reverse CCATTTGCAGTATTAAATTTGGTGGGACC
340bp mut rv
miR-214-5p seed  Forward GAGGACGTGCTTTAAATTTGGCATTCTAGA
del fw
miR-214-5p seed  Reverse TCTAGAATGCCAAATTTAAAGCACGTCCTC

del rv
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2.1.6  miRNA Mimics, Primers, and Probes

Table 3. List of Selected Double-Stranded miRNA Mimics Used in this Work. The miRNAs are
distinguished in -5p or -3p depending on the 5 or 3’ arm of the pre-miRNA hairpin they derive from. miR-
control was purchased at MWG Eurofins and all other miRNA mimics were obtained from Sigma-Aldrich.

mMiRNA Mimic

Sequence (5’ > 3°)

miR-control

UAAUGUAUUGGAACGCAUATT

hsa-miR-15a-5p

UAGCAGCACAUAAUGGUUUGUG

hsa-miR-16a-5p

UAGCAGCACGUAAAUAUUGGCG

hsa-miR-17-5p

CAAAGUGCUUACAGUGCAGGUAG

hsa-miR-18a-5p

UAAGGUGCAUCUAGUGCAGAUAG

hsa-miR-20a-5p

UAAAGUGCUUAUAGUGCAGGUAG

hsa-miR-21-5p

UAGCUUAUCAGACUGAUGUUGA

hsa-miR-25-5p

AGGCGGAGACUUGGGCAAUUG

hsa-miR-29a-5p

ACUGAUUUCUUUUGGUGUUCAG

hsa-miR-34a-5p

UGGCAGUGUCUUAGCUGGUUGU

hsa-miR-93-5p

CAAAGUGCUGUUCGUGCAGGUAG

hsa-miR-106b-5p

UAAAGUGCUGACAGUGCAGAU

hsa-miR-122-5p

UGGAGUGUGACAAUGGUGUUUG

hsa-miR-148a-5p

AAAGUUCUGAGACACUCCGACU

hsa-miR-151-5p

UCGAGGAGCUCACAGUCUAGU

hsa-miR-155-5p

UUAAUGCUAAUCGUGAUAGGGGUU

hsa-miR-181a-5p

AACAUUCAACGCUGUCGGUGAGU

hsa-miR-183-5p

UAUGGCACUGGUAGAAUUCACU

hsa-miR-199a-5p

CCCAGUGUUCAGACUACCUGUUC

hsa-miR-199a-3p

ACAGUAGUCUGCACAUUGGUUA

hsa-miR-200b-3p

UAAUACUGCCUGGUAAUGAUGA

hsa-miR-214-5p

UGCCUGUCUACACUUGCUGUGC

hsa-miR-214-3p

ACAGCAGGCACAGACAGGCAGU

hsa-miR-216a-5p

UAAUCUCAGCUGGCAACUGUGA

hsa-miR-221-5p

ACCUGGCAUACAAUGUAGAUUU

hsa-miR-222-5p

CUCAGUAGCCAGUGUAGAUCCU

hsa-miR-224-5p

UCAAGUCACUAGUGGUUCCGUUUAG

hsa-miR-330-5p

UCUCUGGGCCUGUGUCUUAGGC

hsa-miR-4321

UUAGCGGUGGACCGCCCUGCG

hsa-miR-486-3p

CGGGGCAGCUCAGUACAGGAU

hsa-miR-519d-5p

CCUCCAAAGGGAAGCGCUUUCUGUU

Table 4. List of Oligonucleotides and Probes for Gene Expression Analysis by TagMan-gPCR. A list of
primers and TagMan-probes was used in this work [142]. Primers and TAMRA-probes were purchased at MWG
Eurofins; MGB- and all other probes were purchased at Applied Biosystems.

Gene Primer and Probes
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UGT1Aall

Forward: GCTATGGCAATTGCTGATGCTTT
Reverse: CGATGGTCGGGTTCCAGTGTA
Probe: FAM — AAAATCCCTCAGACAGTCCT — MGB

UGT1A1l

Forward: GAATCAACTGCCTTCACCAAAAT
Reverse: AGAGAAAACCACAATTCCATGTTCT
Probe: FAM — CTATCCCAGGAATTTGAA — MGB

UGT1A3

Forward: CAGAAGTATGGCAATGTTGAACAATA
Reverse: GCCTCATTATGTAGTAGCTCCACACA
Probe: FAM — TCTTTGGTCTATCATAGGTC — MGB

UGT1A4

Forward: TTTTTCTGCCCCTTATGCAAGT
Reverse: ACAGCCACACGGATGCATAG
Probe: FAM —-TCAGAGAGAGGTGTCAGTGGTGGATCTTGT-TAMRA

UGT1A6

Forward: CTTCATTGGAGGTATCAACTGTAAGAA
Reverse: AAGAGAAAACCACAATTCCATGTTC
Probe: FAM-AGGAAAGACTTGTCTCAGGAATTTGAAGCC-TAMRA

UGT1A7

Forward: GAGGATCAGGACCGGGAGTT
Reverse: GAAAATGCACTTCGCAATGGT
Probe: VIC - TGGTTTTTGCCGATGCT — MGB

UGT1A9

Forward: AAACCCGTGATGCCCAAC
Reverse: GGCTTCAAATTCCATAGGCAAC
Probe: FAM — TGATCTTCATTGGTGGTATCAACTGCCATC-TAMRA

Human beta-
actin

Forward: TGCCGACAGGATGCAGAAG
Reverse: GCCGATCCACACGGAGTACT
Probe: FAM-AGATCAAGATCATTGCTCCTCCTGAGCGC-TAMRA

Mouse beta-
actin

Forward: ACGGCCAGGTCATCACTATTG
Reverse: CAAGAAGGAAGGCTGGAAAAG
Probe: FAM — CAACGAGCGGTTCCGATGCCC — MGB

2.1.7 Enzymes and dNTPs

Table 5. List of Enzymes Used in this Work.

Enzymes

Units (U)/uL  Supplied by

Restriction enzymes

SnaBl 5 New England BioLabs
Collagenase

Collagenase 280 U/mg Biochrom AG

DNA Polymerases

BioTherm™ Taq DNA 5 Genecraft

Polymerase

SuperScript™ |[1 RT 200 Invitrogen
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Vent® DNA Polymerase 2 New England BioLabs
DNase

DNase I, Amplification 1 Invitrogen

Grade

Ligase

T4-DNA-Ligase 400 New England BioLabs
Phosphatase

Antarctic Phosphatase 5 New England BioLabs
dNTPs (dATP, dCTP, 10 mM Genecraft

dGTP, dTTP)

2.1.8 Antibodies

Table 6. List of Primary Antibodies Used in this Work.

Human Antigen Description Species Company
UGT1Al ab170858 Rabbit Abcam
UGT1A3 MO02 Mouse Abnova
UGT1A4 ab192424 Rabbit Abcam
UGT1A6 / Rabbit BD Gentest
UGT1A7 BO1P Mouse Abnova
UGT1A9 ab88517 Mouse Abcam
RXRa sc-515929 Mouse Santa Cruz
Biotechnology
UGT1A sc-271268 Rabbit Santa Cruz
Biotechnology
B-Actin SC-47778 Mouse Santa Cruz

Biotechnology

Table 7. List of Secondary Antibodies Used in this Work.

Antibody Description Company

mouse monoclonal anti-rabbit sc-2357 Santa Cruz Biotechnology
lgG-HRP

m-lgGk anti-mouse BP-HRP sc-516102-CM Santa Cruz Biotechnology
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(Cruz Marker)

2.1.9 DNA and Protein-Markers

Table 8. List of DNA- and Protein Markers Used in this Work.

Name Company

100 bp DNA Ladder Genecraft

1 kb DNA Ladder Genecraft
PageRuler Prestained Protein Ladder Thermo Scientific
Precision Plus Protein™ Dual Color Bio-Rad
Standards

Low Range Prestained SDS-PAGE Standards Bio-Rad

Protein Assay Reagent Bio-Rad

2.1.10 Media and Reagents for Bacteria

Table 9. List of Media and Reagents Used for Bacteria in this Work.

Name Composition

Ampicillin (1000 x) 100 mg/mL

LB-Agar 5 g/L Yeast, 10 g/L Peptone, 10 g/L NaCl, 15 g/L Agar

LB-Medium 5 g/L Yeast, 10 g/L Peptone, 10 g/L NaCl

Medium for generation of chemically competent E. coli JM109: LB-Medium + 20 mM
MgSO4

SOC Medium Thermo Fisher Scientific

2.1.11 Media and Reagents for Tissue Culture

Table 10. List of Cell Culture Media and Additives Used in this Work.

Component Company

Collagen A Biochrom AG

Dexamethasone Sigma-Aldrich

Dulbecco’s Modified Eagle Medium Gibco™, Thermo Fisher Scientific
(DMEM) + GlutaMAX™

Fetal Calf Serum Gibco™, Thermo Fisher Scientific
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Hank’s Balanced Salt Solution (HBSS)

Gibco™, Thermo Fisher Scientific

Insulin-Transferrin-Selenium

Gibco™, Thermo Fisher Scientific

L-Glutamine

Gibco™, Thermo Fisher Scientific

Minimum Essential Medium (MEM) Non-
Essential Amino Acids Solution (NEAA)
(100 x)

Gibco™, Thermo Fisher Scientific

Opti-MEM®, Reduced Serum Medium

Gibco™, Thermo Fisher Scientific

Penicillin Streptomycin (Pen Strep)

Gibco™, Thermo Fisher Scientific

Phosphate Buffered Saline (PBS, pH 7.4, 10

X)

Gibco™, Thermo Fisher Scientific

Roswell Park Memorial Institute (RPMI)
Medium 1640

Gibco™, Thermo Fisher Scientific

StemPro accutase®, Cell Dissociation

Gibco™, Thermo Fisher Scientific

Reagent

Williams Medium E Biochrom AG
2.1.12 Kits

Table 11. List of Kits Used in this Work.

Name Company
Dual Luciferase Reporter Assay System Promega

NucleoBond® PC 500 Plasmid Maxiprep

Macherey-Nagel

Nuclear Extraction Kit

Abcam

NucleoSpin® Gel and PCR Clean-up

Macherey-Nagel

NucleoSpin® Plasmid Mini-Prep

Macherey-Nagel

gPCR MasterMix Plus

Eurogentec

SuperScript™ III First-Strand Synthesis
System for RT-PCR

Invitrogen

TGX Stain-Free FastCast Acrylamide (10 %) Bio-Rad

for SDS-PAGE

TagMan™ MicroRNA Reverse Transcription Thermo Fisher Scientific
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2.1.13 Buffers and Utility Solutions

Table 12. List of Buffers and Utility Solutions Used in this Work.

Name

Composition

3 M Sodium acetate

4.1 g NaAc in 50 mL dH20

Loading Dye 50 % Glycerol, 0.2 % Orange-G, 1 x TAE

5 x Passive Lysis Promega

Buffer

PBS 137 mM NaCl, 2.7 mM KCI, 8 mM NaH>PO4, 2 mM KH2PO4

CutSmart® Buffer

50 mM Potassium Acetate, 20 mM Tris-acetate, 10 mM
Magnesium Acetate, 100 pg/mL BSA, pH 7.9

Antarctic Phosphatase
Buffer (NEB)

50 mM Bis Tris-propane, 1 mM MgClz, 0.1 mM ZnCl;, pH 6.0

BioTherm Tag DNA
Polymerase Buffer
(Genecraft)

160 mM (NHg)2 SO4, 670 mM Tris-HCI pH 8.8 (at 25 °C), 15 mM
MgCl>, 0.1 % Tween 20

DNase | Reaction
Buffer

Invitrogen

ThermoPol® Reaction
Buffer (for Vent DNA

Polymerase)

20 mM Tris-HCI, 10 mM (NH4)2SO4, 10 mM KCI, 2 mM MgSOs,
0.1 % Triton® X-100, pH 8.8

T4-DNA-Ligase Buffer
(NEB)

500 mM Tris-HCI, 100 mM MgClz, 100 mM DTT, 10 mM ATP,
250 ug/mL BSA

TAE-Buffer (50 x)

0.8 M Tris-base, 0.2 M Na-acetate, 20 mM EDTA, pH 7.8

2.1.14 Buffer for Generation of Chemically Competent E. coli JM109

= Buffer 1: 0.1 M CaClz (in deionized water)
= Buffer 2: 0.1 M CaCly, 15 % Glycerol (in deionized water)

2.1.15 Buffer for Generation of Primary Hepatocytes from Mice

= EGTA solution (1/10 dilution of 10 x Collagenase solution with Aqua dest.): 800
mg/L NaCl, 400 mg/L KCI, 88.17 mg/L NaH2:POs (H20), 124.45 mg/L NaxHPOs,,
2380 mg/L HEPES, 350 mg/L NaHCOs
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2.1.16

2.1.17

Collagenase solution (10 x): 80 g/L NaCl, 4 g/L KCI, 881.7 mg/L NaH2PO4 (H-0),
1.2045 g/L Na2HPOQg4, 23.8 g/L HEPES, 3.5 g/L NaHCO3 adjusted to pH 7.35-7.4 with
10 N NaOH

Collagenase solution (1 x): recipe according to 10 x Collagenase solution with

additional 560 mg/L CaClz (2 H20) carefully added while stirring for 1 h

Buffer for Generation of Microsomes from Cell Lines

UGT buffer: 0.5 M Tris, 0.1 M MgCl, pH 7.6

Buffers for Western Blot

Table 13. List of Buffers for Western Blot Used in this Work.

Name Composition

Laemmli Buffer (2 x) 10 mL glycerol, 10 mL 10 % SDS, 12.5 mL
Stacking Gel Buffer, 10 mL 0.5 M DTT, 7.5 mL
Aqua dest., 0.5 — 1 g Bromophenol blue

PBS with Tween-20 (PBST) 137 mM NaCl, 2.7 mM KCI, 8 mM NaH2POg, 2
mM KH2PO4, 0.1 % Tween-20

Resolving Gel Buffer (4 x) 181.7 g Tris, 40 mL 10 % SDS, ad 1000 mL with
Aqua dest. and adjusted to pH 8.8

Running Buffer (10 x) 30 g Tris, 144 g Glycin, 100 mL 10 % SDS, ad
1000 mL with Aqua dest.

Stacking Gel Buffer (4 x) 60.6 g Tris, 12 mL 10 % SDS, ad 1000 mL with
Agqua dest. and adjusted to pH 6.8

Transfer Buffer (1 x) 200 mL Trans-Blot Turbo 5 x Transfer buffer (Bio-

Rad), 600 mL Aqua dest., 200 mL Ethanol absolute

2.1.18 Chemicals

Table 14. List of Chemicals Used in this Work.

Component Company
Acetic acid Carl Roth
Agarose Carl Roth
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Alamethicin

Sigma-Aldrich

Ammonium peroxydisulfate (APS)

Carl Roth

Aqua, distilled

Fresenius Kabi

Bio-Rad Protein Assay

Bio-Rad

Bromophenol blue

AppliChem

Calcium Chloride Dihydrate

Honeywell Fluka

Chloroform J.T. Baker
Clarity Western Blotting ECL Substrate Bio-Rad
DEPC-treated water Ambion
Dithiothreitol (DTT) Carl Roth
Dimethyl Sulfoxide (DMSO) Sigma-Aldrich
Ethylene glycol-bis (B-aminoethyl ether)- Carl Roth
N,N,N’,N’-tetraacetic acid (EGTA)

Ethanol 99.9 % Carl Roth
Ethylenediaminetetraacetic acid (EDTA) Merck
EZ-Vision In-Gel Solution (10,000 x) VWR
Glycerol Carl Roth
Glycine Carl Roth
Hydrochloric acid (1 N HCI) Carl Roth
Ketamine (10 %) WDT

LB Agar

Invitrogen, Thermo Fisher Scientific

LB broth base

Invitrogen, Thermo Fisher Scientific

4 x Laemmli Sample Buffer

Bio-Rad

Lipofectamine™ 2000 Transfection Reagent

Invitrogen

Nuclease-free water

Ambion, Thermo Fisher Scientific

Powdered milk Carl Roth
2-Propanol AppliChem
Sodium dodecyl sulfate (SDS) Bio-Rad
Tetramethylethylenediamine (TEMED) AppliChem
Tris(hydroxymethyl)-aminomethane (Tris) Carl Roth
TRIzol® Reagent Invitrogen
Trypan blue Carl Roth
Tween-20 Merck
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Xylazine (2 %) Ceva
2.1.19 Consumables

Table 15. List of Consumables Used in this Work.

Component Company
100 uM cell strainer Falcon
Falcon tubes (15 mL, 50 mL) Sarstedt
Hard-Shell® PCR-plates 96-well Bio-Rad

Overnight culture tube (14 mL)

Greiner Bio-One

Microplate 96-well

Greiner Bio-one

Parafilm M film

Bemis Packaging

PCR plates twin.tec 96 Eppendorf
Pipette tips (10 pL, 200 pL, 300 pL, 1000 Sarstedt
ML)

Pipette tips (10 pL, 200 pL, 300 pL, 1000 StarLab
ML) with Filter

Pipette tip Plastibrand (5 mL) Merck
Plastic Petri dishes Sarstedt
Polystyrene cuvettes for photometer Sarstedt
Reaction tubes (0.5 mL, 1.5 mL) Sarstedt
Reaction tubes (2 mL) Eppendorf

Sealing tape

Thermo Scientific

Serological pipette (2 mL)

Sarstedt

Serological pipette (5 mL, 10 mL, 25 mL)

Corning Inc.

Serological pipette (50 mL)

Greiner Bio-One

8-Strip PCR caps STARLAB
8-Strip PCR tubes STARLAB
Tissue culture flask T75 (75 cm?) Sarstedt
Tissue culture flask T175 (175 cm?) Sarstedt
Trans-blot Turbo midi-size nitrocellulose Bio-Rad
membrane 0.45 um

Trans-blot Turbo midi-size transfer stacks Bio-Rad
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Ultracentrifuge tubes (1.5 mL)

Beckman

6-Well cell culture plate

Greiner Bio-One

12-Well cell culture plate

Greiner Bio-One

2.1.20 Technical Devices

Table 16. List of Technical Devices Used in this Work.

Device Company
Analytical balance Sartorius
BioPhotometer plus Eppendorf
Chemiluminescence Imaging Detection Bio-Rad

System (ChemiDoc™ MP Imaging System)

Compact Shaker KS 15

Edmund Bihler

Cooling Centrifuge Heraeus Multifuge X3
FR

Thermo Fisher Scientific

Cooling Centrifuge 5424 R

Eppendorf

Gel Electrophoresis Power Source (300 V)

VWR

Heracell 150i CO> Incubator

Thermo Fisher Scientific

HERAfreeze Ultra-Low Temperature Freezer
HFU T Series (-80 °C)

Thermo Fisher Scientific

Incubator Hood TH 15

Edmund Buhler

Laboratory fume hood (Secuflow)

Waldner

Leica Inverted Microscope (IMC S40) DM
IL LED

Leica Microsystems

Luminometer Lumat LB 9507 Berthold
Mars Class 2 Safety Cabinet Scanlaf
Microwave Severin
Mini-Centrifuge IKA
Mini-PROTEAN Tetra Cell (for 1-D vertical Bio-Rad

gel electrophoresis)

Mini Rocking Shaker (see-saw) Stuart

PCR thermocycler Peglab, VWR

Peri-Star Peristaltic Pump

World Precision Instruments
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Pipette (10 pL, 200 pL, 1000 pL) Eppendorf
Precision balance Sartorius
Real-Time Thermal Cycler CFX 96 C1000 Bio-Rad
Touch

Refrigerator Liebherr
Thermoblock Eppendorf
TissueLyser LT Qiagen
Trans-Blot Turbo Transfer System Bio-Rad
Universal Oven UN55 Memmert

Vortex Genie 1 Touch Mixer

Scientific Industries

Water bath

Lauda

2.1.21 Annexes
Additional material was used in this work:

= Cuvette Rack (Merck)
= pCuvette G1.0 (Eppendorf)

= MIDI standard horizontal gel electrophoresis unit (Carl Roth)

= Neubauer counting chamber (Marienfeld)

= Potter-Elvehjem Homogenisator

= Repeater Pipette (Eppendorf)

2.2 Methods

2.2.1 Prediction of miRNA Binding Sites

The full-length UGT1A 3’-UTR (679 bp) was analyzed for MREs using the software tools
RegRNA (v2.0) [143], PicTar [144], miRanda [145] and RNAhybrid [146], applying the
default settings. The predicted energy of mMRNA:miRNA duplex formation was denoted as
Minimum Free Energy (MFE) in the unit kcal/mol. Predictions that stated MFE-values lower

than -20 kcal/mol and a MRE seed match composed of 7-9 base pairs were considered for

further investigation.
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2.2.2  Amplification of Nucleotide Sequences by Polymerase Chain Reaction (PCR)

PCR reactions were performed according to good laboratory practice. In order to perform the
amplification of specific DNA sequences by Polymerase Chain Reaction (PCR) the
BioTherm™ Tag DNA Polymerase or high-fidelity Vent® DNA Polymerase (Table 5) were
used.

Standard PCR reaction (50 pL total volume):

5 uL 10 x BioTherm™ Tagq DNA Polymerase Buffer or 10 x ThermoPol® Reaction Buffer
2.5 pL 10 uM Forward Primer

2.5 pL 10 uM Reverse Primer

1.0 puL 10 mM dNTPs

0.5 pL 5 U/uL BioTherm™ Taq DNA Polymerase or 2 U/pL Vent® DNA Polymerase

1.0 uL DNA template (10-50 ng)

37.5 yL dH20

Standard PCR conditions:

95 °C 3 min

95°C30s

50-60 °C 30 s 25-40 cycles

72 °C 1 min for 1 kb of the amplified nucleotide sequence
72 °C 5 min

2.2.3 Mutagenesis of Nucleotide Sequences in the UGT1A 3’-UTR

In order to disrupt the predicted MRE for miR-214-5p and miR-486-3p in the UGT1A 3’-
UTR two PCR reactions (1 and 2) were performed to generate two DNA fragments (Figure
5).

1) The PCR reaction to generate the first DNA fragment contained the UGT1A 3’-UTR
forward amplification primer and the seed mutagenesis primer in reverse orientation. For the
generation of the second DNA fragment, the seed mutagenesis primer in forward orientation
and the UGT1A 3’-UTR reverse amplification primer were used (Table 2). The PCR reaction
was performed according to standard conditions (section 2.2.2), and running a maximum of
25 cycles using high-fidelity Vent® DNA Polymerase, and 10-50 ng pGL3-UGT1A-3’-UTR
as DNA template.

28



2 Materials and Methods

2) Both PCR products were separated by agarose gel electrophoresis. The DNA fragments
were gel-purified, and 10-50 ng of each DNA template was included in the same PCR
reaction. For the generation of the PCR product, the UGT1A 3’-UTR forward and reverse
amplification primers were used. The Vent® DNA Polymerase was utilized and the PCR
reaction was performed for 30 cycles. The cloning of the mutated insert generated the novel
DNA plasmid pGL3-UGT1A-3’-UTR seed mutation with a mutated nucleotide sequence for
the miRNA of interest.

Forward UGT1A 3"-UTR
amplification primer with

AmpF / SnaBl restriction site

N>

5 3
1. Step: Side-directed Mut R Mutagenesis primers in forward (F) and
mutagenesis of seed Mut F reverse (R] orientation
sequence 3 5
Reverse UGT1A 3°-UTR
. amplification primer with
l AmpR SnaBl restriction site
PCR product 1 Annealing of mutagenized
— \ seed sequence
5 "-OH
A ) Fusion and PCR product 2
amplification
3™-0OH @ L J _F ] 5

- 1
Step

Mutagenized seed

AmpF
sequence

B ) Final amplification

<\

AmpR

Figure 5. Site-Directed Mutagenesis of MRE Seed Sequence in the UGT1A 3’-UTR. In a two-step PCR
reaction, the nucleotide sequence (termed as seed sequence) within the UGT1A 3’-UTR-located MRE
responsible for high complementarity with the miRNA of interest 5’-end was disrupted using UGT1A 3’-UTR
forward amplification (Amp F) and the seed mutagenesis primer in reverse orientation (Mut R), whereas the seed
mutagenesis primer in forward orientation (Mut F) was included in the PCR reaction containing the UGT1A 3’-
UTR reverse amplification primer (Amp R; step 1). Both PCR products were gel-purified, mixed in a molar ratio
(step 2A) and the PCR was carried out containing UGT1A 3’-UTR forward and reverse amplification primers
(step 2B). Thereby, the nucleotide sequences necessary for miR-214-5p and miR-486-3p seed region
complementarity were mutated.
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2.2.4 Agarose Gel Electrophoresis

Agarose gel electrophoresis was performed to identify, separate, test for the presence of DNA
molecules (analytical gel) and for the purification of PCR products or restriction digested
DNA (preparative gel).

Throughout the entire analysis, 2 % agarose gels were established. For this, 2 g agarose
(Table 14) were mixed in 100 mL 1 x TAE Buffer (Table 12) and heated at 700 W for 3 min
in the microwave. Then, 10 pL 10,000 x EZ-Vision® In-Gel Solution were added, this is a
fluorescent DNA dye leading to DNA visualization upon UV exposure at 280 nm. The DNA
samples were mixed with the correct amount of 6 x Loading Dye to reach the final
concentration of 1 x Loading Dye, and subjected to gel electrophoresis at 120 V for 45 min.
The detection and visualization of DNA molecules was carried out by using ChemiDoc™ Gel
Imaging System and the respective Image Lab Software Version 5.2. For preparative
purposes, DNA molecules of interest were excised from the agarose gel under brief UV

exposure.

2.2.5 Clean-up of PCR Products

DNA molecules of interest were purified by silica gel columns using the NucleoSpin® Gel
and PCR Clean-up Kit according to the manufacturer’s protocol (Macherey-Nagel). In the

final step DNA molecules were eluted from the column using 20-35 puL Aqua dest.

2.2.6 Enzymatic Reactions during the Process of DNA Cloning

A) Restriction Digestion

To ligate vector and insert DNA molecules containing the restriction sites, a restriction
digestion was required. Therefore, ~ 3 ug purified DNA was mixed with 10 %
CutSmart® buffer, 5 U SnaBl, and filled up with Aqua dest. to the final volume of 40
uL. The restriction digestion was incubated at 37 °C for 2 h and terminated by heating
at 65 °C for 20 min. Agarose gel electrophoresis (section 2.2.4) was performed to

confirm the correct restriction digestion.

B) Vector Dephosphorylation
In cloning, the dephosphorylation of 5’-ends of DNA phosphomonoesters prevents the
recircularization of the linearized DNA plasmid during ligation, thereby promoting

cloning efficiency. The purified DNA plasmid was mixed with 10 % Antarctic
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Phosphatase Buffer and 1 U of Antarctic Phosphatase (Table 5) per 1 pg of DNA and
diluted with Aqua dest. to the final volume of 40 pL. The reaction was incubated at
37 °C for 1 h, and terminated by heat inactivation at 80 °C for 2 min.

C) Ligation

The gel-purified plasmid and insert DNA molecules were combined by ligation in an
insert : vector molar ratio of at least 3 : 1. The ligation reaction was composed of x puL
DNA plasmid, x pL DNA insert, 400 U T4-DNA-Ligase (Table 5), 1 pL 10 x T4-
DNA-Ligase Buffer, the solution was adjusted to the final volume of 10 uL with Aqua
dest. The ligation reaction was carried out overnight at 16 °C and terminated by
heating at 65 °C for 10 min.

2.2.7 Generation of Chemically Competent E. coli JIM109

The entire procedure was performed on ice, all buffers were stored on ice and technical
devices were pre-cooled at 4 °C. At first, the bacterial strain was restreaked on a LB-agar
plate from a freezer stock under sterile conditions and according to good microbiological
practice. The LB-agar plate was incubated overnight at 37 °C. Next, 5 mL LB-medium were
inoculated with a single colony from this plate, and the liquid culture was incubated overnight
shaking at 250 rpm and 37 °C. Then, 4 mL of the culture were used for the inoculation of 400
mL LB-medium. The culture was incubated shaking at 250 rpm and 37 °C until ODggo ~ 0.5,
then split, and incubated on ice for 10 min. Post centrifugation at 3,000 rpm for 5 min, the
supernatant was discarded, and the cell pellet was gently resuspended in 40 mL 0.1 M CaCl;
buffer. After another centrifugation step at 2,700 rpm for 5 min, the supernatant was
discarded, and the cell pellet was resuspended as described in the step before. Both cell
suspensions were consolidated and incubated on ice for 1 h. The cell suspension was
centrifuged at 2,700 rpm for 5 min, the supernatant was discarded, and the cell pellet was
gently resuspended in 8 mL 0.1 M CaCl; buffer containing 15 % glycerol. The chemically

competent cells were aliquoted and stored at -80 °C until use.

2.2.8 Heat-Shock Transformation

The chemically competent E. coli IM109 were carefully thawed on ice. Then, 5 pL ligation

reaction was added to the cells and mixed by flicking the tube. The cells were incubated on
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ice for 30 min, then at 42 °C for 45 s and on ice for another 2 min. Finally, 200 pL pre-
warmed SOC medium was added to the cells followed by an incubation period of 1 h at 37 °C
and shaking at 250 rpm. The entire cell suspension was spread on pre-warmed LB-agar plates
containing ampicillin at a final concentration of 100 pg/mL. The LB-agar plates were
incubated overnight at 37 °C, to promote the propagation of the plasmid-carrying

transformants.

2.2.9 Colony Analysis

To test the bacterial colonies on LB-agar plates that carried DNA plasmid pGL3-UGT1A-
3’UTR, a colony PCR analysis was performed. For this, a PCR master mix was set up as
described in section 2.2.2. Additionally, a colony was picked, patched on another ampicillin
containing LB-agar plate and resuspended in the PCR master mix. The PCR reaction
contained pGL3 vorXbaF and pGL3 hinXbaR (Table 2) primers flanking the SnaBlI restriction
site. The PCR was performed for 25 cycles at the conditions described in section 2.2.2. Then,
10 pL of the PCR reaction were pipetted in an agarose gel electrophoresis as described in
section 2.2.4 and DNA bands were detected. Next, the positive clone was picked and used to
inoculate a 5 mL LB-medium with ampicillin overnight culture, in order to isolate the DNA
plasmid in a Mini-Prep, and to analyze it by sequencing. At a correct sequence, 500 pL of the
initial 5 mL overnight culture were used to inoculate 200 mL LB-medium and prepare a

plasmid Maxi-Prep.

2.2.10 Plasmid Isolation

A) Isolation by Mini-Prep

Plasmids were isolated from bacterial colonies on LB-agar plates by picking a single
colony with a pipette tip and inoculating it in 5 mL LB-medium overnight culture.
Then, depending on the saturation of the E. coli LB culture 2-4 mL were centrifuged at
11,000 x g for 30 s, and the DNA plasmid was isolated according to manufacturer’s
instructions in the NucleoSpin® Plasmid Mini-Prep Kit (Macherey-Nagel). For the
elution of the DNA plasmid were used 35-50 pL of Aqua dest.
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B) Isolation by Maxi-Prep

For the isolation of higher DNA plasmid concentrations (necessary for downstream
applications) a plasmid Maxi-Prep was performed. For this, 200 mL of an E. coli LB
culture was grown overnight, and the bacterial cells were harvested at 6,000 x g, 4 °C
for 15 min. To further proceed with the plasmid Maxi-Prep, the NucleoBond® PC 500
Plasmid Maxiprep Kit was used according to the manufacturer’s instructions. The final

elution of the DNA plasmid was performed using 100-300 pL of Aqua dest.

2.2.11 Determination of DNA Plasmid Concentrations

For the determination of DNA plasmid concentrations, the BioPhotometer plus (Eppendorf)
and the respective pCuvette G1.0 were used. After an adequate dilution of the DNA plasmid
in DNase-free water, 2 uL of DNA solution were pipetted on the marked area of the cuvette
and DNA concentrations were measured at 260 nm using the spectrophotometer.

2.2.12 Cell Culture

Human HCC (HepGz2), Caucasian colorectal adenocarcinoma (Caco-2), human esophageal
squamous cell carcinoma (Kyse-70), and human embryonic kidney (Hek293) cell lines were
used throughout all the experiments. HepG2 and Kyse-70 cells were maintained in RPMI
1640, whereas Caco-2 and Hek293 cells were maintained in DMEM GlutaMAX™. All media
were supplemented with 10 % fetal calf serum and 1 % penicillin-streptomycin. The Caco-2
medium was additionally supplemented with 1% non-essential amino acids. All cells were
cultivated in an incubator under a humidified atmosphere at 37 °C and 5 % CO..

The cell lines were grown to 80-90 % confluency and split twice a week. For this, the culture
medium was removed, the cells were rinsed in 10 mL 1 x PBS, and the remaining solution
was discarded. Additionally, 4 mL cell dissociation reagent (accutase®) were added and the
cells were detached at 37 °C for 15 min. Then, 6 mL cell culture medium was used to
resuspend the cells and 4 mL HepG2, 1 mL Hek293, 2 mL Caco-2, and 2 mL Kyse-70 were
transferred into a new cell culture flask. The flask was filled with culture medium to the final

volume of 25 mL for the purpose of cell culture continuation.
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2.2.13 Transfection of Human Cell Lines or Mouse Primary Hepatocytes

Hek293 cells were used for luciferase reporter gene assays. The cells were transfected with a
reporter gene construct (pGL3-based), the transfection control vector (pRL-TK), and a
mIiRNA. The HepG2, Caco-2, and Kyse-70 cells were transfected with a miRNA for the
determination of UGT1A mRNA and protein expression. In line with in vitro RNA/protein
analysis (section 2.2.14 and 2.2.23), mouse primary hepatocytes were transfected with a
miRNA followed by the isolation of microsomes for the quantification of UGT enzyme
activity.
The assays listed below were performed in different setups:

= 12-well plate: luciferase assay, total volume per well: 1 mL

= 6-well plate: RNA/protein isolation, total volume per well: 2 mL

= T75 cell culture flask: hepatocyte cultivation and followed by microsome isolation,

total volume: 12 mL

The transfection solution for each approach was prepared in two different tubes labeled A and
B, which were fused at the end. The volume of the transfection solutions differed for the
luciferase assay (0.5 mL), RNA/protein isolation (1 mL), hepatocyte cultivation (6 mL), and
the required individual reagents (Table 17).

Table 17. Composition of Transfection Solutions in Cell Culture Experiments.

Volume per well or flask Luciferase RNA/protein | Hepatocyte

(according to the assay) assay isolation isolation

Opti-MEM® 50 pL 100 pL 600 pL @

Lipofectamine 2000 2 pL 2 uL 12 uL %
>

Opti-MEM® 440 pL 898 uL 5388 pL

pGL3-based reporter 1ug / / g

construct %
>

pRL-TK vector 3ng / /

miRNA (final concentration) 5nM 5nM 5nM
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2.2.14 RNA Isolation

For RNA isolation, cells were seeded at different cell counts in 6-well plates:

»  Kyse-70: 1.5 x 10° cells/well

= Caco-2: 1.2 x 10° cells/well

*  HepG2: 3 x 10° cells/well
and transfected with 1 mL transfection solution as described in section 2.2.13. On the next
day, cells were coated with 1 mL culture medium and incubated for another 48 h until RNA
(or proteins) were isolated. Total RNA was isolated from human cells or mice livers by
applying the TRIzol® Reagent (Table 14). For this, cells were washed with 1-2 mL 1 x PBS
and detached by adding 0.5 mL accutase® per well, and incubated at 37 °C for 15 min. Then,
0.5 mL cell culture medium was added to each well, the cells were resuspended and
centrifuged at 300 x g for 7 min. The pelleted cells were washed with 5 mL 1 x PBS,
centrifuged (300 x g, 7 min, RT) and resuspended in 0.5 mL TRIzol® Reagent. The cells
were incubated at RT for 5 min. For the RNA isolation from mice livers, 50 mg of liver tissue
was homogenized using 0.5 mL TRIzol® Reagent and a metal bead at 300 rpm for 3 min in a
tissue lyser, proceeding with the protocol applicable to both procedures:
100 pL chloroform were added to the TRIzol® Reagent and the tube was thoroughly vortexed
for 10 s. The reaction was incubated at RT for 15 min followed by centrifugation at 12,000 x
g, 4 °C for 15 min. The aqueous phase was completely removed. The RNA was precipitated
by the addition of 250 pL isopropanol, the slight inversion of the tube and an incubation
period for 10 min at RT. The tube was centrifuged at 12,000 x g, 4 °C for 10 min, and the
RNA was washed with 0.5 mL 70 % ethanol. Finally, the tube was centrifuged at 7,500 x g, 4
°C for 5 min. The RNA pellet was dried and resuspended in 30-50 uL DEPC-treated water.
The RNA concentration was measured after a 1.5 dilution (RNA from cells) or a 1:10 dilution

(RNA from mice livers) as described in section 2.2.11.

2.2.15 Reverse Transcription Polymerase Chain Reaction (RT-PCR)

For reverse transcription of RNA or miRNA, the SuperScript™ III First-Strand Synthesis
System or TagMan™ MicroRNA Reverse Transcription Kit was used. The heat incubation
and thermal cycling steps were performed using 8-Strip PCR tubes (Table 15) and a PCR
thermocycler (Table 16). For cDNA synthesis, either 1 ug (cell-derived), 5 pg (liver tissue-
derived), or 10 ng (human sera-derived) RNA were used as starting material. The steps for

reverse transcription of RNA or miRNA are distinguished and outlined in table 18.
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Table 18. Composition of Master Mixes and Processed Steps during Reverse Transcription

Reverse Transcription (for RNA)

Reverse Transcription (for miRNA)

Dnase | denaturation Master Mix

X UL RNA (1 pg/5 pg)

1 pL Dnase | Reaction Buffer (10 x)

1 pL Dnase | (1 U/uL)

adjusted to 10 puL with DEPC-treated water

Incubation at RT for 15 min. The reaction
was stopped by addition of 1 uL EDTA (25
mM) and incubation at 65 °C for 10 min. 1.5
ML were removed to check for Dnase |

degradation efficiency.

Reverse Transcription Master Mix (15 pyL

total volume

4.16 pL Nuclease-free water

1.50 pL Reverse Transcription Buffer (10 x)
0.19 pL RNase inhibitor (20 U/uL)

0.15 pL dNTP Mix (100 mM)

1.00 uL MultiScribe™ Reverse
Transcriptase (50 U/pL)

3.00 pL RT primer premix (miRNA-specific,
5x)

5.00 pL RNA sample (10 ng)

Reverse transcription initiation Master mix

RT conditions

9.5 pL RNA mix (from previous step)

1 pL Oligo(dT)20 (50 uM)

1 pL dNTP Mix (10 mM)

The reaction was incubated at 65 °C for 5

min and stored on ice for 1 min.

16 °C 30 min
42 °C 30 min
85 °C 5 min

Final reverse transcription Master mix

2 UL RT Buffer (10 x)

4 uL MgCl; (25 mM)

2 UL DTT (100 mM)

0.5 uL RNase OUT™ (40 U/uL)

0.5 pL SuperScript™ III RT (200 U/uL)

8.5 pL of this Master mix were added to
adjust the final volume of 20 pL. The RT
reaction was incubated at 50 °C for 50 min,
and 85 °C for 5 min.
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2.2.16 TagMan-gPCR

For relative quantification of UGT1A or the miRNA of interest, the TagMan principle was
applied during quantitative Real-Time PCR (TagMan-qPCR) [147]. The TagMan principle is
characterized by 15-30 bp oligonucleotide probes with complementary sequences to the target
gene. These TagMan probes are composed of a covalently attached reporter fluorophore at the
5’-end and a quencher fluorophore at the 3’-end. Due to the spatial proximity of both
fluorophores, the fluorescence signal is quenched via Foerster Resonance Energy Transfer
(FRET). However, during PCR, the dual-labeled probe specifically hybridizes to the
complementary target sequence through Watson-Crick DNA base pairing, which is followed
by the probe hydrolysis based on the DNA polymerase 5’-3” exonuclease activity (Figure 6).
The fluorescence signal increases as the PCR product accumulates during the exponential
phase of the PCR.

For UGT1A-based TagMan-gPCR, the qPCR MasterMix Plus-Kit (Table 11) was used
containing the HotGoldStar-DNA Polymerase, respective primers and dual-labeled probes
(Table 4). For relative miRNA quantification, the TagMan® Universal PCR Master Mix 11
and the TagMan® Small RNA Assay primer and probe premix were used. The 5’-fluorophore
dyes were 6-carboxyfluorescein (FAM) or 2’-chloro-7’phenyl-1,4-dichloro-6-carboxy-
fluorescein (VIC), and the 3’-fluorophore dyes were 5-carboxy-tetramethylrhodamine
(TAMRA) and Minor Groove Binder (MGB). In order to quantify the amount of target gene
in the UGT1A assay, the expression of the reference gene f-actin was measured. The SV40-
miRNA spike-in control was measured as the internal control during miRNA quantification
from cirrhotic and healthy individuals. The snoRNA234 was used as reference gene for
miRNA quantification from fibrotic mice livers.

The HotGoldStar-DNA Polymerase initiated the polymerization process by the 3’-OH end of
the primer and displaced the oligonucleotide probe from the 5’-end by its 5’-3’exonuclease
activity. The fluorescence signal was detected by cleavage of the 5’-fluorophore dye and

hydrolysis of the probe.
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Figure 6. Schematic Representation of the TagMan Principle. Dual-labeled oligonucleotide probes with a
covalently attached fluorophore at the 5’-end (reporter) and a quencher fluorophore at the 3’-end (quencher)
hybridize to the complementary target sequence during polymerization in the PCR (A). Yet, the fluorescence
signal is quenched by the FRET effect as both molecules are in close spatial proximity. The DNA polymerase
with its 5°-3’exonuclease activity displaces the strand (B) and cleaves the probe from the 5’-end releasing the

fluorophore (C). The fluorescence signal is fully detected after the oligonucleotide probe is hydrolyzed and the
polymerization is completed (D).
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Standard TagMan-gqPCR reaction mix for UGT1A expression analysis (25 yL reaction):

Master Mix (Eurogentec) 12.5 L
100 nM Probe 0.25 pL
600 nM Primer Forward 1.5puL
600 nM Primer Reverse 1.5puL
cDNA (diluted) 1puL
ddH-0 ad 25 pL 8.25 L

Standard TagMan-gPCR reaction mix for 8-actin expression analysis (25 pL reaction):

Master Mix (Eurogentec) 12.5 uL
200 nM Actin Probe 0.5 pL
300 nM Primer Forward 0.75 uL
300 nM Primer Reverse 0.75 uL
cDNA (diluted) 1puL
ddH-0 ad 25 pL 9.5uL

Standard TaqMan-gPCR reaction mix for analysis of circulating miRNA expression (10 pL

reaction):

TagMan® Small RNA Assay (20x) 0.50 pL
Product from RT reaction 1.33 uL
TagMan® Universal PCR

Master Mix Il (2x), no UNG 5.00 pL
Nuclease-free water 3.17 uL

The TagMan-gPCR reactions were performed in triplicates. The Master Mix contained the
enzyme premix, oligonucleotide primers and the probe, and was diluted in ultra-pure water to
the total volume of 24 puL. The UGT1A isoform-specific Master Mix was distributed on the
96-well plate by an automatic repeater pipette, and 1 puL. of cDNA was manually pipetted. The
Master Mix for the expression analysis of circulating miRNA contained the enzyme, primer
and probe premix, 1.33 pL cDNA and was set up to the final volume of 10 uL with nuclease-
free water. Then, the 96-well PCR plate was covered with a plastic tape and analyzed using
the Thermal Cycler CFX 96 C1000 Touch and corresponding software CFX Manager (Bio-
Rad).

39



2 Materials and Methods

Standard TagMan-gPCR reaction conditions for UGT1A and miRNA expression analysis:
50 °C 2 min
95 °C 10 min

95°C15s
40 cycles

60 °C 1 min

2.2.17 Luciferase Reporter Gene Assay

In order to analyze the effect of a miRNA of interest on the UGT1A 3’-UTR, luciferase
reporter gene assays were carried out. Therefore, the luciferase-encoding reporter plasmid
pGL-Basic was used as the recipient plasmid for cloning of 679 bp UGT1A 3’-UTR between
the luciferase open reading frame (ORF) and the SV 40 poly A signal. This resulted in DNA
plasmid pGL3-UGT1A-3’-UTR. Thereby, the activity of pGL3-UGT1A-3’-UTR-encoded
luciferase after miRNA transfection would shed light on the effect of a miRNA with the
UGTI1A 3’-UTR. Additional mutation in the UGT1A 3’-UTR led to the generation of DNA
plasmid pGL3-UGT1A-3’-UTR seed mutation as explained before (chapter 2.2.3).
For the luciferase reporter gene assay, the Dual-Luciferase® Reporter Assay System
(Promega) was used. For this, the human embryonic kidney cell line (Hek293) was
transfected with the following molecules:

= pGL3-based reporter vector encoding Firefly luciferase Photinus pyralis

= pRL-TK vector encoding luciferase Renilla reniformis

=  miRNA of interest
On the first day, Hek293 cells were detached as described before in section 2.2.12, counted in
a Neubauer counting chamber, and in a 12-well plate layout, 50,000 cells were seeded in each
well.
On the second day, the cells were transfected as described in section 2.2.13. Briefly, a
solution labeled as A was prepared and incubated in the dark for 5 min. Meanwhile a solution
labeled as B was prepared containing Opti-MEM®, 1 pg pGL3-based reporter plasmid, the
transfection control vector pRL-TK and a miRNA. Both solutions A and B were consolidated
and incubated in the dark for 20 min, in order to allow DNA plasmid-miRNA-liposome
complexes to form. The Hek293 cells were gently washed with 1 x PBS,
0.5 mL transfection solution was applied to each well in triplicate, and the cells were
incubated at 37 °C.
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On the third day, 0.5 mL growth medium was added to each well and the cells were incubated
for 48 h at 37 °C.
On the fifth day, the cells were washed with 1 x PBS, lysed with 1 x Passive Lysis Buffer
(Promega), and agitated at 350 rpm for 15 min, in order to release the luciferases and measure
their activities. To measure the bioluminescence at the luminometer, 2 different reactions
were performed after the addition of 10 pL cell suspension to each well of a 96-well plate:
= 50 pL Luciferase Assay Reagent Il were added by the luminometer to create a
stabilized luminescent signal and quantify the Firefly luminescence. The luciferase
activity corresponded to the Relative Light Units (RLU) measured for 10 s.
= 50 pL Stop & Glo® Reagent were added and the Firefly luminescence was quenched
and the pRL-TK encoded Renilla luciferase reporter was simultaneously measured
that corresponded to the internal transfection control signal measured for 10 s.
In order to analyze the effect of a miRNA, a ratio of Firefly and Renilla luminescence was
calculated and resulted in an RLU quotient. Every quotient was divided by the miR-control
quotient to establish a fold-change. Besides DNA plasmid pGL3-UGT1A-3’-UTR, the empty
vector pGL3 was transfected to account for the potential miRNA off-target interactions with
the pGL3-backbone. The results were analyzed by Microsoft Excel 2010 and determined the
relative luciferase fold-changes at the miRNA-UGT1A 3’-UTR interaction. Data values are
represented as means of each treatment. The error values are expressed as the standard error

of each treatment after at least three independent replicates.

2.2.18 Preparation of Nuclear Extracts

Nuclear extracts were prepared to study the effect of miRNAs on the expression of TFs
involved in the transcriptional regulation of UGT1A genes [48]. Nuclear extracts were
prepared from HepG2 cells in a 6-well plate layout, seeded at 2.5 x 10° cells per well, and
following the transfection protocol and cell culture steps outlined in section 2.2.14. The
preparation of nuclear extracts was performed according to the manufacturer’s instructions in
the Nuclear Extraction Kit (Abcam). In a first step, the cell pellet from the adherent cells was
prepared. To achieve this, the growth medium was removed, and the cells were washed twice
with 5 mL 1 x PBS. The cells were dissociated with 0.5 mL accutase®, resuspended in 0.5
mL growth medium, and centrifuged at 1,000 rpm for 5 min. The supernatant was removed
and the cells were resuspended in 100 pL 1 x Pre-Extraction buffer per 10° cells. The cell

suspension was transferred to 1.5 mL tubes, incubated on ice for 10 min, vigorously vortexed
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for 10 s and centrifuged at 12,000 rpm for 1 min. The supernatant was discarded, and 2
volumes of Extraction buffer supplemented with 1:1000 diluted DTT solution and protease
inhibitor cocktail were added to the nuclear pellet, which was incubated on ice for 15 min
with occasional vortexing. The suspension was centrifuged at 14,000 rpm, 4 °C for 10 min,
and the supernatant containing the nuclear extract was measured by Bradford assay described
in section 2.2.22.

2.2.19 Isolation of Mouse Primary Hepatocytes

The isolation of mouse primary hepatocytes was pursued to create an ex vivo model for the
study of UGT1A expression after miRNA transfection. For this, the laboratory-available
htgUGT1A-WT mouse model was used to isolate primary hepatocytes and study the non-
coding RNA-based knockdown of hepatic drug-metabolizing enzymes [148]. Thereby, results
obtained from this experiment can be transferred to the in vivo situation in the mouse itself.
For the experiment, all the solutions (EGTA solution, 1 x Collagenase solution, and Williams
medium E) were preheated to 37 °C. The Williams medium E, 1 x Collagenase solution and
material were prepared as follows:

1) 500 mL of Williams medium E were supplemented with 5 mL Pen/Strep, 10 mL L-
glutamine and 50 mL FCS.

2) 50 mL of this Williams medium E were supplemented with 500 pL 100 x Insulin-
Transferrin-Selenium mix and 5 pL 0.39 mg/mL dexamethasone dissolved in DMSO. This
modified Williams medium E was used throughout all steps.

3) 500 mL of HBSS solution were supplemented with 10 % FCS.

4) 100 mL of 1 x Collagenase solution were supplemented with 42 mg Collagenase.

5) 5 mL of collagen A was diluted in a 1:2 proportion with 5 mL Aqua dest. and the solution
was added to a T75 cell culture flask, incubated at 37 °C for 30 min. The collagen A solution
was removed, the flask was washed with 5 mL 1 x PBS and was ready to be used.

A male htgUGT1A-WT mouse was narcotized with 0.4-0.5 mL Ketamine/Xylazine (12.15 mL
NaCl added with 0.9 mL Ketamine (10%) and 0.45 mL Xylazine (2%)) by intraperitoneal
injection. The abdomen was opened, and the liver was perfused with EGTA solution at 5.6
mL/min for 5 min using a peristaltic pump. Then, the liver was perfused with 1 x Collagenase
solution at 5.6 mL/min for 10 min. The liver was covered with warm 1 x Collagenase
solution, transferred to a Petri plate and homogenized with tweezers under the laminar flow

cabinet. A 25 mL pipette was used to filtrate the homogenous suspension through a 100 uM
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cell strainer into a 50 mL Falcon tube. The Petri dish was washed with chilled HBSS solution,
the suspension was transferred to the 50 mL Falcon tube, and the maximum volume was
adjusted with HBSS. The Falcon tube was centrifuged at 50 x g, 4 °C for 3 min, and the
supernatant was discarded. The cell pellet was gently resuspended with 5 mL HBSS and the
maximum volume of 50 mL was adjusted with HBSS. The Falcon tube was centrifuged at 50
X g, 4 °C for 3 min and the washing step was repeated one more time. Then, the supernatant
was discarded and 5 mL preheated Williams medium E were used to gently resuspend the cell
pellet. The primary hepatocytes were counted in a Neubauer counting chamber by preparing a
1:5 dilution with trypan blue. Approximately 1 x 10" hepatocytes were transferred to the T75
cell culture flask and incubated at 37 °C for 2 h. The Williams medium E was removed, the
cells were gently washed with 5 mL 1 x PBS, and 10 mL preheated Williams medium E was
added. The hepatocytes were cultivated overnight at 37 °C, transfected with miR-control or
miR-486-3p, coated with preheated Williams medium E, incubated for another 24 h, until

microsomes were isolated on the fourth day.

2.2.20 Isolation of Microsomes

Microsomes were isolated from mouse primary hepatocytes, as these vesicles of hepatocyte
ER contain phase | and Il enzymes, including UGTs [149]. After the removal of Williams
medium E from the cell culture flask, hepatocytes were washed with 5 mL 1 x PBS and
dissociated with 2 mL accutase®. The hepatocytes were resuspended in 3 mL Williams
medium E (as prepared in section 2.2.19) and centrifuged at 1,000 x g, 4 °C for 5 min. The
supernatant was removed.

All the subsequent steps were performed on ice, so that the technical devices required to be
pre-chilled to 4 °C. The pellet was resuspended in 1-2 mL UGT buffer and mechanically
homogenized ten-times at 300 rpm using Potter-Elvehjem tissue grinders. The homogenous
suspension was transferred to 1.5 mL tubes and centrifuged at 2,000 x g for 10 min. The
supernatant was transferred to new 1.5 mL tubes and centrifuged at 10,000 x g for 10 min.
The supernatant was collected in ultracentrifugation tubes, the pellet was resuspended in 1 mL
UGT buffer, and centrifuged at 10,000 x g for 10 min. This supernatant was collected in the
ultracentrifugation tubes and centrifuged at 100,000 x g for 1 h. Then, the pellet was
resuspended in 100-200 pL UGT buffer and the protein concentration was determined by
Bradford assay.
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2.2.21 Activity Assay

For the determination of UGT enzyme activity, the UGT-Glo™ Assay (Promega) was
performed in 96-well plates according to the manufacturer’s instructions. The capacity of
UGT enzymes to glucuronidate a proluciferin substrate was measured using the previously
isolated microsomes.

Two reactions labeled as A and B were performed in parallel. A) In wells without uridine 5’-
diphosphoglucuronic acid (UDPGA) cofactor, 10 pL Aqua dest. were added. B) In the
parallel wells, UDPGA was pipetted at a final concentration of 4 mM diluted in Aqua dest.
The general UGT reaction mixture contained 1 x UGT buffer (supplemented with 1:160
diluted alamethicin), 50 uM proluciferin substrate, 0.5 pg microsomes, and diluted with Aqua
dest. to the final volume of 20 pL. A non-UGT control was prepared without microsomes.
The 96-well plate was stored in a plastic bag and incubated at 37 °C for 90 min. Next, 20 pL
of Luciferin detection reagent (supplemented with 1:100 diluted D-cysteine) were added to
each well with a multichannel pipette, the plate was vigorously agitated and incubated at RT

for 20 min. The luminescence was determined using a luminometer.

2.2.22 Measurement of Protein Concentration

The protein concentration was measured by Bradford assay according to the principles
described by Bradford [150]. Briefly, the protein assay reagent (Bio-Rad) was diluted at a
ratio of 1:5 in distilled water, and 990 pL of the final solution were transferred to polystyrene
cuvettes. The protein samples were diluted at a ratio of 1:5 or 1:10, and 10 pL of the
corresponding dilution were added to the cuvette. The cuvette was sealed with Parafilm,
mixed by inversion, and incubated at RT for 5 min. The protein concentration was measured

spectrophotometrically at 595 nm using the BioPhotometer plus (Eppendorf).

2.2.23 Western Blot

Western Blot analysis was performed for the qualitative as well as semi-quantitative analysis
of UGT1A proteins after miRNA transfection [151]. For protein isolation, Caco-2, HepG2
and Kyse-70 cells were seeded in 6-well plates as described in section 2.2.14. Each well was
washed with 1-2 mL 1 x PBS, and the cells were detached using 0.5 mL accutase®. Then, the
cells were resuspended in 0.5 mL cell culture medium, centrifuged (300 x g, RT, 7 min), and
washed with 5 mL 1 x PBS. After centrifugation (300 x g, RT, 7 min), the cells were
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resuspended in 100-200 puL 1 x PBS, and subjected to three freeze (-80 °C) thaw (37 °C)
cycles, in order to lyse cells and release the proteins. The protein concentration was
determined as explained in section 2.2.22. For the separation of proteins by Sodium Dodecyl
Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE), 20 pg protein was mixed with 2 x
Laemmli Buffer and diluted with 1 x PBS to the final volume of 20 pL. The proteins were
denatured at 95 °C for 5 min, stored on ice for 2 min, and then pipetted to a denaturing
polyacrylamide gel that was prepared according to the TGX Stain-Free™ FastCast™
Acrylamide Kit (Bio-Rad).

Composition of the denaturing polyacrylamide gel:

Stacking gel (5-10 %)

1.5 mL Stacker A solution (Bio-Rad)
1.5 mL Stacker B solution (Bio-Rad)
15 uL 10 % APS

3 uL TEMED

Resolving gel (10-20 %)

4 mL Resolver A solution (Bio-Rad)
4 mL Resolver B solution (Bio-Rad)
40 uL 10 % APS

4 uL TEMED

The gel electrophoresis was performed at 150 V for 50 min in 1 x SDS running buffer using
the Mini-PROTEAN Tetra Cell (Bio-Rad). The separated proteins were transferred from the
gel to a nitrocellulose membrane by blotting. In order to mask the protein-free surface of the
membrane, the membrane was blocked by using 5-10 mL of a 5 % powdered milk-PBST
solution, shaking at RT for 1 h. Then, the primary antibody was diluted in a range between
1:500 to 1:3000 in 5 % powdered milk-PBST solution and dispensed on the membrane. The
membrane was incubated overnight shaking at 4 °C. On the next day, the membrane was
washed with PBST three times (15 min each) to remove the nonspecifically bound primary
antibody. The horseradish peroxidase (HRP)-coupled secondary antibody was diluted at
1:2000 in PBST and applied to the membrane. The membrane was incubated at RT shaking

for 1 h. Finally, the membrane was washed with PBST three times, and the proteins were
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detected. To visualize the protein bands the Clarity™ Western ECL substrate was used. The
substrate was composed of the luminol/enhancer solution and the peroxide solution mixed in a
1:1 ratio, and dispensed on the membrane. The membrane was incubated at RT shaking for 5
min, placed in a ChemiDoc™ MP Imaging System (Bio-Rad), and the protein bands were
visualized using Image Lab software 5.2.

2.2.24 Statistical Analysis

Statistical analysis was performed using GraphPad Prism version 8 (GraphPad Software). The
data values are represented as the mean of the group (or treatment) under investigation.
Additionally, the error values are expressed as the standard error of the mean (SEM) for each
group using at least three independent replicates. The Student’s t-test (two-tailed) was applied
to compare the experimental groups to the control group. To compare miRNA expression
levels in cirrhotic patients and healthy controls, a Welch’s t-test was performed. This analysis
accounts for the different sample sizes in the compared groups. The differences were

considered significant when p-values were below 0.05.
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3 Results

3.1 ldentification of Novel UGT1A-Regulating miRNAs

Despite the progress in the miRNA research area, still limited data focussing on the
implication of post-transcriptional regulation of drug-metabolizing UGT1A expression and
liver disease development exists. Therefore, this study aimed to identify novel UGT1A-
downregulating miRNAs and connect their potential overexpression to the development of
severe liver diseases (e.g. liver fibrosis and cirrhosis) due to an impaired UGT1A-mediated
detoxification of endo- and xenobiotics, as well as other reactive metabolites. Accordingly, an
array of 30 miRNAs previously identified to be dysregulated in HCC was selected for this
experimental analysis [135].

3.2 Regulation of UGT1A 3’-UTR Luciferase Activity by miRNAs

Mammalian miRNAs were described to silence target gene expression by partial hybridization
to MREs in the 3’-UTR of the target mMRNA which can result in mRNA decay or translational
inhibition [86]. In order to investigate the effect of 30 miRNAs on the common UGT1A 3’-
UTR, a luciferase reporter gene assay was performed with the goal of identifying miRNAs
that reduce the luciferase activity. To perform this assay, the luciferase DNA plasmid
construct that contains the genetic element of interest was generated. Therefore, the UGT1A
3’-UTR was cloned into the pGL3-Basic vector chosen as the DNA plasmid, based on the
presence of the desired restriction sites in a polylinker. For the UGT1A 3’-UTR insertion, the
entire 679 bp of the common UGT1A 3’-UTR were cloned between the Firefly luciferase
ORF and the SV40 poly A signal (Figure 7).

SnaBl
pGL3-Basic i Firefly luciferase ] .'_]
SV40 Poly A
common 3-UTR
pGL3-UGT1A-3-UTR | Firefly luciferase ]

Figure 7. Insertion of the Shared UGT1A 3’-UTR into pGL3-Basic Reporter Vector. The restriction site
SnaBlI was introduced into the pGL3-Basic vector, and then 679 bp of the common UGT1A 3’-UTR were cloned
between the Firefly luciferase ORF and the SV40 poly A signal. The corresponding DNA plasmid was termed
pGL3-UGT1A-3’-UTR and used as a luciferase reporter construct during luciferase assays.
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The generated DNA plasmid was designated pGL3-UGT1A-3’-UTR and used as a luciferase
reporter construct during luciferase assays performed in Hek293 cells. Hek293 cells were
chosen for luciferase assays, because they express low UGT1A mRNA levels [59]. A
reduced, near-absent expression of endogenous UGT1A mRNA levels in Hek293 would,
therefore, eliminate the potential bias of a miIRNA for endogenously expressed UGT1A
MRNAs containing the common 3’-UTR. To consider the possibility for a miRNA-mediated
unspecific plasmid backbone interaction, miRNAs were co-transfected with pGL3-Basic. The
transfection of DNA plasmids (pGL3-Basic constructs and transfection control plasmid pRL-
TK) and a miRNA into Hek293 cells was performed using a cationic liposome-based
transfection protocol described to provide high transfection efficiency throughout established
cell lines [152]. Thereby, the underlying transfection principle is termed lipofection which
harnesses the entrapment of nucleic acids in liposomes, followed by their fusion with the
plasma membrane of cultured cells [153]. For lipofection, Lipofectamine 2000® was used
which is a transfection reagent that contains cationic lipid components and a neutral helper
lipid able to form liposomes in an aqueous environment [154]. By the formation of DNA-
miRNA-liposome complexes, the negative charge of the nucleic acids is masked which allows
to overcome the plasma membrane’s electrostatic repulsion [152]. Therefore, the nucleic acid-
containing liposome is positively charged on the surface which enables the fusion of the
liposome with the negatively charged plasma membrane. The fusion is further mediated by
the neutral helper lipid. In that way, the nucleic acids are released into the cytoplasm of the
recipient cells where they can enter the nucleus for gene transcription (i.e., pGL3-based
plasmids), or remain in the cytoplasm for the formation of the RISC complex (i.e., miRNA).
After cultivation and lysis of Hek293 cells, the luminescent reporter activities of the pGL3-
encoded Firefly luciferase and pRL-TK-encoded Renilla luciferase were determined.
Therefore, this dual luciferase assay system was used for the reporter quantification in the
mammalian cells (Hek293). Among the bioluminescent reporters, the Renilla luciferase
reporter was used as internal control to which measurement of the Firefly luciferase reporter
was normalized. Two individual substrate solutions were prepared and used in the
bioluminometer. Thereby, the Firefly luciferase emits photons via oxidation of beetle
luciferin, forming the product molecule oxyluciferin. In contrast, the Renilla luciferase
catalyzes the oxidation of coelenterazine to coelenteramide and light [155]. In this way, a
ratio of both luciferase Relative Light Unit (RLU) signals was calculated. Then, results were

compared to the miR-control group, in order to generate fold-changes of the luciferase
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activity. Since DNA plasmids pGL3-Basic or pGL3-UGT1A-3’-UTR were transfected, the
difference between both groups resulted in the interaction of the miRNA with the UGT1A 3’-
UTR (as explained in section 2.2.17).

Figure 8 displays the interaction of the investigated miRNAs with the common UGT1A 3’-
UTR. A slightly induced relative luciferase activity was observed in miRNA transfected
Hek293 cells compared to miR-control transfection. In detail, a statistically significant
induction of luciferase activity was detected after miR-16a (1.23-fold), miR-34a (1.35-fold),
and miR-200b (1.25-fold) transfection. Comparable results were observed for miR-25 (1.20-
fold), miR-106b (1.20-fold), miR-199a-5p (1.25-fold), miR-221 (1.20-fold), and miR-224
(1.25-fold), although these results are not statistically significant. A slight, statistically
insignificant induction of the relative luciferase activity was observed for miR-15a (1.10-
fold), miR-17 (1.19-fold), miR-18a (1.18-fold), miR-20a (1.13-fold), miR-21 (1.15-fold),
miR-29a (1.09-fold), miR-93 (1.03-fold), miR-122 (1.15-fold), miR-148a (1.07-fold), miR-
151-5p (1.13-fold), miR-155 (1.15-fold), miR-181a-5p (1.10-fold), miR-183-5p (1.05-fold),
miR-199a-3p (1.09-fold), miR-216a (1.10-fold), miR-222 (1.07-fold), miR-330 (1.07-fold),
miR-4321 (1.13-fold), and miR-519d (1.10-fold). On the contrary, the luciferase activity was
statistically significantly reduced by miR-214-5p (0.44-fold) and miR-486-3p (0.42-fold)
compared to miR-control. A weak, statistically insignificant reduction of the luciferase
activity was observed after miR-214-3p (0.02-fold) transfection.

This data indicates that the investigated miRNAs are capable to elicit an inductive or
inhibitory effect on luciferase activity after hybridization to the common UGTIA 3’-UTR.
Particularly noteworthy is the fact that among the thirty selected miRNAs miR-214-5p and
mMiR-486-3p exhibited a substantial reduction of the UGT1A 3’-UTR luciferase activity.
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Figure 8. Effect of miRNAs on UGT1A 3’-Untranslated Region (UTR) in Luciferase Reporter Gene Assays. The post-transcriptional effect of thirty miRNAs dysregulated in HCC was studied in a
luciferase reporter gene assay. Hek293 cells were, therefore, transfected with reporter plasmid pGL3-UGT1A-3’-UTR, transfection control vector pRL-TK, and a miRNA. Of note, miR-16a, miR-34a,
and miR-200b significantly induced the relative luciferase activity, whereas the relative luciferase activity was significantly reduced after miR-214-5p and miR-486-3p transfection. The plasmids pGL3-
Basic, pRL-TK, and a miRNA were transfected to consider potential miRNA off-target interactions with the reporter construct. The columns represent the fold-changes of the relative luciferase activity in

amiRNA-UGT1A 3’-UTR interaction. The data represents the means and the Standard Error of the Mean (SEM) of three independent replicates. Significance was calculated relative to the pGL3-Basic.
*:p <0.05; **: p < 0.01; n.s.: not significant.
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3.3 Regulation of UGT1A mRNA Levels by miRNAs in HepG2 Cells

MiRNAs regulate gene expression by binding to complementary sequences in the 3’-UTR of
the target MRNA leading to mRNA degradation. The aim of this analysis was to test whether
the investigated miRNAs were able to reduce isoform-specific UGT1A mRNA levels in liver
cells. So far, fresh human liver samples are scarce and human hepatocytes are known to
underlie in vitro phenotypic instability [156]. Therefore, human cell lines were utilized. Liver-
derived cells or tissues were selected, because the liver is the major organ involved in drug
metabolism in the human body. Moreover, it also expresses the majority of UGT1A genes.
Thus, the human hepatoma cell line HepG2 was used for UGT1A expression analysis [157].
HepG2 cells are derived from liver biopsies of a 15-year-old Caucasian male’s HCC [158].
Moreover, these cells are epithelial-like, nontumorigenic and higly proliferative with a stable
phenotype and a near unlimited life span. However, the major drawback of adherent HepG2
cells is the relatively low expression of drug-metabolizing enzymes, including UGT1As,
compared to the human liver or primary cultured human hepatocytes [159]. This ultimately
requires sensitive detecting techniques for gene expression analysis [157].

To determine UGT1A gene expression, the combination of RT-PCR and Real-Time PCR was
performed. This method requires the total RNA isolation from HepG2 cells and the use of
oligo(dT)-based reverse transcription in a first step. In the second step, the relative
quantification of UGT1A mRNA expression was performed using Real-Time PCR with
isoform-specific primers and probes (Table 4) (section 2.2.16). Real-Time PCR has been
described as a highly sensitive technique that can detect as little as a single copy of a specific
transcript [160]. The UGT1A mRNA expression was quantified relative to S-actin expression.
This reference gene was expressed throughout different treatments across various cell lines,
including HepG2 (data not shown).

The results of UGT1A mRNA expression after miRNA transfection are shown in figures 9-
14. In the following sections, the results are separately listed for each UGT1A isoform.
Furthermore, the UGT1A mRNA expression is compared to the miR-control transfected
HepG2 cells.

UGT1Al
UGT1A1 mRNA expression was significantly induced by miR-34a (2.25-fold), miR-122
(2.90-fold), miR-181a-5p (1.77-fold), miR-199a-5p (1.69-fold), miR-200b (1.19-fold), miR-
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221 (1.35-fold), and miR-222 (1.88-fold). Likewise, miR-93 (1.12-fold), miR-106b (1.08-
fold), and miR-224 (1.58-fold) slightly but insignificantly induced UGT1Al1 mRNA
expression. On the contrary, the UGT1AL1 mRNA expression was significantly reduced by
miR-16a (0.39-fold), miR-18a (0.27-fold), miR-25 (0.49-fold), miR-29a (0.41-fold), miR-
151-5p (0.49-fold), miR-183-5p (0.75-fold), miR-199a-3p (0.27-fold), miR-214-5p (0.39-
fold), miR-216a (0.25-fold), miR-4321 (0.41-fold), miR-486-3p (0.60-fold), and miR-519d
(0.27-fold). In addition, an insignificant reduction of UGT1A1 mRNA expression was
observed after miR-15a (0.04-fold), miR-17 (0.04-fold), miR-20a (0.16-fold), miR-21 (0.27-
fold), miR-148a (0.12-fold), miR-214-3p (0.18-fold), and miR-330 (0.46-fold) transfection.

No post-transcriptional effect was observed after miR-155 transfection (Figure 9).

UGT1A3

A highly significant upregulation of the UGT1A3 mRNA expression was detected after miR-
34a (2.52-fold) and miR-122 (1.97-fold), followed by miR-222 (1.31-fold), miR-199a-5p
(1.24-fold), and miR-106b (1.21-fold) transfection. No significant induction was determined
when HepG2 cells were transfected with miR-20a (1.09-fold), miR-21 (1.07-fold), miR-200b
(1.26-fold), miR-221 (1.19-fold), and miR-224 (1.16-fold). A significant downregulation of
the UGT1A3 mRNA expression resulted after miR-17 (0.35-fold), miR-18a (0.54-fold), miR-
25 (0.32-fold), miR-29a (0.47-fold), miR-151-5p (0.26-fold), miR-183-5p (0.59-fold), miR-
199a-3p (0.32-fold), miR-214-5p (0.32-fold), miR-214-3p (0.42-fold), miR-330 (0.61-fold),
miR-486-3p (0.57-fold), and miR-519d (0.26-fold) transfection. Furthermore, miR-16a (0.09-
fold), miR-93 (0.13-fold), miR-148a (0.05-fold), miR-155 (0.20-fold), miR-181a-5p (0.05-
fold), miR-216a (0.20-fold), and miR-4321 (0.20-fold) insignificantly reduced UGT1A3
MRNA expression. No effect on UGT1A3 mRNA expression resulted after miR-15a

transfection (Figure 10).

UGT1A4

UGT1A4 mRNA expression was significantly repressed after miR-16a (0.60-fold), miR-18a
(0.44-fold), miR-20a (0.53-fold), miR-29a (0.55-fold), miR-34a (0.55-fold), miR-106b (0.53-
fold), miR-181a-5p (0.62-fold), miR-199a-5p (0.66-fold), miR-199a-3p (0.50-fold), miR-221
(0.50-fold), and miR-519d (0.53-fold) transfection. An insignificant reduction of UGT1A4
transcription was detected after miR-15a (0.07-fold), miR-17 (0.41-fold), miR-122 (0.25-
fold), miR-148a (0.64-fold), miR-151-5p (0.55-fold), miR-155 (0.61-fold), miR-183-5p (0.07-
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fold), miR-214-5p (0.28-fold), miR-214-3p (0.12-fold), miR-216a (0.16-fold), miR-222 (0.05-
fold), miR-330 (0.37-fold), miR-4321 (0.07-fold), and miR-486-3p (0.37-fold) transfection. A
slight, insignificant induction of UGT1A4 mRNA levels was observed after overexpression of
miR-25 (1.07-fold), miR-93 (1.04-fold), and miR-200b (1.07-fold). No post-transcriptional

effect was observed after miR-21 and miR-224 transfection (Figure 11).

UGT1A6

Similarly to the UGT1A4 mRNA expression, UGT1A6 mRNA levels were significantly
reduced following transfection with miR-15a (0.38-fold), miR-16a (0.53-fold), miR-18a
(0.62-fold), miR-25 (0.62-fold), miR-29a (0.47-fold), miR-155 (0.42-fold), miR-199a-3p
(0.48-fold), miR-221 (0.42-fold), miR-486-3p (0.57-fold), and miR-519d (0.38-fold). An
insignificant reduction of UGT1A6 mRNA levels was detected after miR-17 (0.21-fold), miR-
20a (0.29-fold), miR-21 (0.35-fold), miR-34a (0.19-fold), miR-93 (0.35-fold), miR-106b
(0.14-fold), miR-122 (0.26-fold), miR-148a (0.37-fold), miR-151-5p (0.21-fold), miR-183-5p
(0.12-fold), miR-200b (0.04-fold), miR-214-5p (0.35-fold), miR-214-3p (0.22-fold), miR-
216a (0.39-fold), miR-222 (0.34-fold), miR-330 (0.21-fold), and miR-4321 (0.39-fold)
transfection. Only miR-199a-5p (1.19-fold) and miR-224 (1.02-fold) induced UGT1A6
MRNA levels, however the results were not statistically significant. In case of miR-181a-5p,

no post-transcriptional effect was determined (Figure 12).

UGT1A7

UGT1A7 mRNA expression was significantly upregulated after miR-15a (2.36-fold), miR-
18a (2.36-fold), miR-20a (3.21-fold), miR-21 (3.36-fold), miR-106b (1.61-fold), miR-122
(2.32-fold), miR-148a (3.36-fold), miR-151-5p (3.11-fold), miR-155 (4.14-fold), miR-181a-
5p (2.93-fold), miR-199a-5p (3.03-fold), miR-199a-3p (3.39-fold), miR-200b (3.25-fold),
miR-221 (2.21-fold), miR-222 (1.78-fold), and miR-224 (2.75-fold) transfection. An
insignificant induction of UGT1A7 mRNA levels resulted after miR-16a (1.43-fold), miR-17
(3.14-fold), miR-25 (1.50-fold), miR-29a (1.61-fold), miR-93 (1.21-fold), miR-216a (1.21-
fold), miR-330 (1.14-fold), miR-486-3p (1.14-fold), and miR-519d (1.21-fold) transfection.
Only miR-4321 (0.86-fold) significantly repressed UGT1A7 mRNA expression. A
comparable repression was observed after miR-214-5p (0.79-fold) and miR-183-5p (0.61-

fold) overexpression, though these results were not significant. An insignificant, slight
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reduction was detected after miR-214-3p (0.25-fold) transfection. After miR-34a transfection,
no post-transcriptional effect was detected (Figure 13).

UGT1A9

UGT1A9 mRNA expression was significantly induced after miR-122 (1.56-fold), miR-148a
(2.28-fold), miR-155 (2.09-fold), miR-181a-5p (2.47-fold), miR-199a-5p (4.25-fold), miR-
200b (3.75-fold), miR-221 (2.59-fold), and miR-222 (3.03-fold) transfection. Other miRNAs
such as miR-16a (1.44-fold), miR-20a (1.25-fold), miR-21 (1.19-fold), miR-34a (1.25-fold),
miR-93 (1.19-fold), miR-151-5p (1.31-fold), miR-199a-3p (1.25-fold), miR-214-3p (1.53-
fold), miR-216a (1.13-fold), miR-224 (1.69-fold), miR-486-3p (1.06-fold), and miR-519d
(1.41-fold) were also able to induce UGT1A9 mRNA levels, but these results were not
statistically significant. Among the 30 investigated miRNAs, only miR-25 (0.56-fold) and
miR-214-5p (0.47-fold) significantly reduced UGT1A9 gene transcription. A reduction of
UGT1A9 mRNA expression was calculated for miR-15a (0.03-fold), miR-106b (0.06-fold),
miR-183-5p (0.13-fold), and miR-4321 (0.44-fold). However, these results were not
statistically significant. Compared to miR-control treatment, no significantly altered UGT1A9
MRNA expression was observed after miR-17, miR-18a, miR-29a, and miR-330 transfection
(Figure 14).

Taken together, this data indicates the variable effects of a miRNA in different UGT1A
isoforms. Interestingly, differential effects of miRNAs on different UGT1A isoforms were
observed revealing that a miRNA can induce the expression of one UGT1A isoform, but
reduce the expression of another. This finding is of particular interest, as all UGT1A isoforms
share the common UGTI1A 3’-UTR. Since miRNAs usually mediate inhibitory effects, it is
worth mentioning that some of the investigated miRNAs exhibited an inductive effect on
UGT1A mRNA expression, indicating additional miRNA-mediated regulatory mechanisms.
Noteworthy, miR-214-5p, miR-486-3p, and miR-519d showed the highest consistency in their

inhibitory effect across all UGT1A isoforms.
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Figure 9. Expression of UGT1A1 mRNA after miRNA Transfection into HepG2 Cells. An array of 30 microRNAs was overexpressed in HepG2 cells and the UGT1A1 mRNA expression
was determined by TagMan-qPCR. The columns display the mRNA expression of the UGT1A1 gene relative to B-actin. The transfection of miR-34a, miR-122, miR-181a-5p, miR-199a-5p, and
miR-222 significantly induced the mRNA expression. Whereas miR-25, miR-29a, miR-151-5p, miR-183-5p, and miR-486-3p transfection led to the most pronounced, significant reduction of
UGT1A1 mRNA levels compared to the miR-control treatment. The columns represent the mean + SEM of three independent replicates. Significance was calculated relative to the miR-control
treatment. SEM: Standard Error of the Mean; *: p < 0.05; **: p < 0.01; ***: p < 0.001; n.s.: not significant.
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Figure 10. Expression of UGT1A3 mRNA after miRNA Transfection into HepG2 Cells. An array of 30 microRNAs was overexpressed in HepG2 cells and the UGT1A3 mRNA expression
was determined by TagMan-qPCR. The columns display the mMRNA expression of the UGT1A3 gene relative to B-actin. The transfection of miR-34a, miR-122, miR-199a-5p, and miR-222
significantly induced the mMRNA expression. Whereas miR-18a, miR-29a, miR-183-5p, miR-330, and miR-486-3p transfection led to the most pronounced, significant reduction of UGT1A3
mRNA levels compared to the miR-control treatment. The columns represent the mean + SEM of three independent replicates. Significance was calculated relative to the miR-control treatment.
SEM: Standard Error of the Mean; *: p < 0.05; **: p < 0.01; ***: p < 0.001; n.s.: not significant.
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Figure 11. Expression of UGT1A4 mRNA after miRNA Transfection into HepG2 Cells. An array of 30 microRNAs was overexpressed in HepG2 cells and the UGT1A4 mRNA expression
was determined by TagMan-gPCR. The columns display the mRNA expression of the UGT1A4 gene relative to B-actin. The transfection of miR-16a, miR-181a-5p, and miR-199a-5p led to the
most pronounced, significant reduction of UGT1A4 mRNA levels compared to the miR-control treatment. The columns represent the mean + SEM of three independent replicates. Significance
was calculated relative to the miR-control treatment. SEM: Standard Error of the Mean; *: p < 0.05; **: p < 0.01; n.s.: not significant.
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Figure 12. Expression of UGT1A6 mRNA after miRNA Transfection into HepG2 Cells. An array of 30 microRNAs was overexpressed in HepG2 cells and the UGT1A6 mRNA expression
was determined by TagMan-gPCR. The columns display the mRNA expression of the UGT1A6 gene relative to B-actin. The transfection of miR-18a, miR-25, and miR-486-3p led to the most
pronounced, significant reduction of UGT1A6 mRNA levels compared to the miR-control treatment. The columns represent the mean = SEM of three independent replicates. Significance was
calculated relative to the miR-control treatment. SEM: Standard Error of the Mean; *: p < 0.05; **: p < 0.01; n.s.: not significant.
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Figure 13. Expression of UGT1A7 mRNA after miRNA Transfection into HepG2 Cells. An array of 30 microRNAs was overexpressed in HepG2 cells and the UGT1A7 mRNA expression
was determined by TagMan-qPCR. The columns display the mMRNA expression of the UGT1A7 gene relative to B-actin. The overexpression of miR-20a, miR-21, miR-148a, miR-151-5p, miR-
155, miR-181a-5p, miR-199a-5p, miR-199a-3p, miR-200b, and miR-224 significantly induced the mRNA levels to the highest extent. Whereas miR-4321 transfection led to the most pronounced,
significant reduction of UGT1A7 mRNA levels compared to the miR-control treatment. The columns represent the mean + SEM of three independent replicates. Significance was calculated
relative to the miR-control treatment. SEM: Standard Error of the Mean; *: p < 0.05; **: p < 0.01; ***: p < 0.001; n.s.: not significant.
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Figure 14. Expression of UGT1A9 mRNA after miRNA Transfection into HepG2 Cells. An array of 30 microRNAs was overexpressed in HepG2 cells and the UGT1A9 mRNA expression
was determined by TagMan-qPCR. The columns display the mMRNA expression of the UGT1A9 gene relative to B-actin. The transfection of miR-148a, miR-155, miR-181a-5p, miR-199a-5p, miR-
200b, miR-221, and miR-222 significantly induced the mRNA expression to the greatest extent. Whereas miR-25 and miR-214-5p transfection led to the most pronounced, significant reduction of
UGT1A9 mRNA levels compared to the miR-control treatment. The columns represent the mean + SEM of three independent replicates. Significance was calculated relative to the miR-control
treatment. SEM: Standard Error of the Mean; *: p < 0.05; **: p < 0.01; ***: p < 0.001; n.s.: not significant.
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3.4 Regulation of UGT1A Protein Levels by miRNAs in HepG2 Cells

MiRNAs have been described to regulate a target gene by translational inhibition, depending on
the sequence complementarity between a miRNA and the mRNA 3°-UTR [110]. Based on the
previous results from the UGT1A isoform-specific mRNA expression analysis, a potential
miRNA-mediated translational inhibition of the several UGT1A mRNA isoforms was
examined. In order to perform this analysis, the 30 investigated miRNAs were transfected into
HepG2 cells, and posteriorly the isolated protein mixture was analyzed using Western blot.

Initially, the HepG2 cells were lysed by three freeze-thaw-cycles, this means, the cell
suspension is placed in a freezer (-80 °C) and then thawed (37 °C). The traditional freeze-thaw
protocol is based on ice crystals that form during the freezing process, and ultimately contract
during thawing which causes cells to swell and disintegrate. The freeze-thaw-cycle cell lysis
was performed in this work, because it was previously described that scraping, and freeze-
thaw-cycling is a simple, yet efficient method for harvesting and lysing of adherent mammalian
cells [161]. The isolated protein mixture was applied to a denaturing Sodium Dodecyl Sulfate-
Polyacrylamide Gel Electrophoresis (SDS-PAGE). SDS is an anionic detergent that denatures
secondary and tertiary structures of protein molecules and coats them with a negative charge so
that all proteins migrate towards the positive pole during PAGE. Since the protein negative
charge is proportional to its size, the protein’s molecular weight can be estimated by
comparison to protein bands of known molecular weight [151]. The Laemmli SDS-PAGE
system applied in this work was a discontinuous gel that contained an upper stacking and lower
resolving gel that had different polyacrylamide concentrations. This resulted in a high
resolution with well-defined protein band definition. Hence, the upper stacking gel is a lower
percentage polyacrylamide gel where proteins move through rapidly and “stack” into a tight
band before the higher percentage polyacrylamide or “resolving” gel which promotes the final
separation [162]. The gel-separated protein bands were transferred and immobilized on a
nitrocellulose membrane. For this, an electric charge was applied to the blotting chamber that
enabled the negatively charged protein bands to travel from the gel onto the membrane
available for later immunoprobing with an antibody. Nitrocellulose membranes were used for
blotting, because they yield lower background staining compared to the high-affinity PVDF
membranes [163]. Two sets of antibodies were subjected to the immunoprobing experiment: 1)
The primary antibody that is directed against the target protein, i.e. the UGT1A isoenzyme. 2)
A secondary antibody conjugated to horseradish peroxidase (HRP) that binds to the primary
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antibody. Based on the principle of chemiluminescence, the HRP-coupled secondary antibody
binds to the primary antibody, then the HRP catalyzes the oxidation of the substrate luminol (in
the presence of peroxide) to a peroxy intermediate which is turned to the 3-aminophthalate
dianion that leads to the light generation detected by a digital imager (as described in section
2.2.23) [151]. In doing so, the effect of the investigated miRNAs on the UGT1A protein
expression was determined. Figures 15-20 illustrate the post-transcriptional effects of miRNAs
on UGT1A protein expression. The effect of the investigated miRNAs on UGT1A protein
expression was then compared with the miR-control transfection.

In the following sections, the results of the Western blot are listed for each UGT1A protein:

UGT1Al

Among the 30 investigated miRNAs, miR-106b and miR-122 markedly induced UGT1Al
protein expression. This effect was less pronounced after the transfection of miR-15a, miR-16a,
miR-17, miR-18a, miR-20a, miR-21, miR-25, miR-29a, miR-93, miR-155, miR-181a-5p, miR-
199a-5p, miR-200b, and miR-222. In contrast to the induction, miRNAs that slightly reduced
UGT1A1 protein expression compared to the miR-control treatment were miR-34a, miR-148a,
miR-151-5p, miR-183-5p, miR-199a-3p, miR-214-5p, miR-214-3p, miR-216a, miR-221, miR-
224, miR-330, miR-4321, miR-486-3p, and miR-519d (Figure 15).
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Figure 15. UGT1Al Western Blot of miRNA Transfected HepG2 Cells. An array of 30 miRNAs was
overexpressed in HepG2 cells and UGT1AL protein levels were determined by Western blot. Of note, the strongest
induction of protein expression was revealed after miR-106b and miR-122 transfection, whereas miR-34a, miR-
214-5p, miR-224, miR-4321, and miR-519d considerably reduced UGT1AL protein levels compared to the miR-
control treatment. B-actin was used as a loading control.

UGT1A3

The UGT1AS3 protein expression was predominantly induced by miR-106b and miR-122
compared to the miR-control treatment. The induction of protein expression was less
pronounced after the transfection of miR-15a, miR-16a, miR-17, miR-18a, miR-20a, miR-21,
miR-25, miR-29a, miR-93, miR-148a, miR-151-5p, miR-155, miR-181a-5p, miR-199a-5p,
miR-200b, miR-214-5p, miR-214-3p, miR-216a, miR-222, miR-330, miR-4321, and miR-486-
3p. In contrast to the induction of UGT1A3 protein expression, the reduction of UGT1A3
protein expression was detected after miR-34a and miR-199a-3p transfection. No visible
changes in UGT1A3 protein expression were observed after transfection of miR-183-5p, miR-
221, miR-224, and miR-519d (Figure 16).
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Figure 16. UGT1A3 Western Blot of miRNA Transfected HepG2 Cells. An array of 30 miRNAs was
overexpressed in HepG2 cells and UGT1A3 protein levels were determined by Western blot. The most
pronounced induction of protein expression was observed after miR-106b and miR-122 transfection. On the
contrary, UGT1A3 protein levels were markedly reduced after miR-34a and miR-199a-3p transfection compared
to the miR-control treatment. B-actin was used as a loading control.

UGT1A4

The UGT1A4 protein expression was markedly induced by miR-20a, miR-106b, miR-122,
miR-148a, miR-155, miR-181a-5p, miR-199a-3p, miR-200b, miR-216a, miR-221, miR-224,
and miR-486-3p. However, the induction of UGT1A4 protein expression was less pronounced
after miR-15a, miR-16a, miR-17, miR-21, miR-151-5p, miR-199a-5p, miR-214-5p, miR-214-
3p, MiR-222, miR-330, and miR-519d transfection. On the other hand, the UGT1A4 protein
expression was reduced by miR-18a, miR-29a, miR-34a, and miR-4321. Of note, the UGT1A4
protein levels were unaffected after miR-25, miR-93, and miR-183-5p transfection compared to

the miR-control treatment (Figure 17).
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Figure 17. UGT1A4 Western Blot of miRNA Transfected HepG2 Cells. An array of 30 miRNAs was
overexpressed in HepG2 cells and UGT1A4 protein levels were determined by Western blot. Of note, a
pronounced induction of protein expression was detected after miR-20a, miR-148a, miR-181a-5p, miR-200b, and
miR-486-3p transfection. An inhibition of UGT1A4 protein levels was observed after miR-18a, miR-29a, and
miR-34a transfection compared to the miR-control treatment. f-actin was used as a loading control.

UGT1A6

The UGT1AG6 protein expression was markedly induced by miR-183-5p, miR-214-5p, miR-
214-3p, miR-330, and miR-4321 compared to miR-control treatment. Other miRNAs led to a
less pronounced induction of UGT1A6 protein levels. Among these miRNAs were miR-16a,
miR-20a, miR-93, miR-106b, miR-122, and miR-216a. In contrast to the induction, the
UGT1AG protein expression was slightly reduced by miR-18a, miR-25, miR-34a, miR-151-5p,
miR-155, miR-181a-5p, miR-199a-5p, miR-199a-3p, miR-200b, miR-221, miR-222, miR-224,
miR-486-3p, and miR-519d. Of note, no differences in UGTL1A6 protein expression were
observed after the transfection of miR-15a, miR-17, miR-21, miR-29a, and miR-148a (Figure
18).
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Figure 18. UGT1A6 Western Blot of miRNA Transfected HepG2 Cells. An array of 30 miRNAs was
overexpressed in HepG2 cells and UGT1AG6 protein levels were determined by Western blot. The transfection of
miR-183-5p, miR-214-5p, miR-214-3p, miR-330, and miR-4321 markedly induced UGT1A6 protein expression.
In contrast, the overexpression of miR-18a, miR-34a, miR-151-5p, miR-199a-5p, miR-224, miR-486-3p, and miR-
519d resulted in a reduction of protein levels compared to the miR-control treatment. p-actin was used as a loading
control.

UGT1A7

The UGTL1AZ7 protein expression was markedly induced by miR-15a, miR-16a, miR-20a, miR-
21, miR-122, miR-155, miR-183-5p, and miR-199a-5p. The inductive effect was less
pronounced after transfection of miR-17, miR-18a, miR-25, miR-29a, miR-34a, miR-93, miR-
106b, miR-148a, miR-151-5p, miR-181a-5p, miR-199a-3p, miR-200b, miR-214-5p, miR-214-
3p, mMiR-216a, miR-221, miR-222, miR-224, miR-330, miR-486-3p, and miR-519d. The
weakest induction of UGTL1A7 protein expression was observed after the overexpression of
miR-4321. Of note, a miRNA-mediated reduction of the UGT1A7 protein expression could not
be observed (Figure 19).
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Figure 19. UGT1A7 Western Blot of miRNA Transfected HepG2 Cells. An array of 30 miRNAs was
overexpressed in HepG2 cells and UGT1A7 protein levels were determined by Western blot. Of note, a
considerable induction of protein expression was detected after miR-122, miR-155, and miR-199a-5p transfection.
No considerable inhibition of UGT1A7 protein levels was observed compared to the miR-control treatment. p-
actin was used as a loading control.

UGT1A9

The UGT1A9 protein expression was markedly induced after miR-106b, miR-122, miR-155,
miR-181a-5p, miR-216a, miR-221, miR-222, miR-330, miR-4321, and mIiR-486-3p
transfection. However, miR-15a, miR-16a, miR-17, miR-18a, miR-20a, miR-21, miR-25, miR-
29a, miR-34a, miR-93, miR-151-5p, miR-199a-5p, miR-199a-3p, miR-200b, miR-214-3p,
miR-224, and miR-519d transfection resulted in a less pronounced induction of the UGT1A9
protein levels compared to the miR-control treatment. In contrast to the inductive effect, miR-
148a, miR-183-5p, and miR-214-5p exerted a slightly inhibitory effect on UGT1A9 protein

expression compared to the miR-control treatment (Figure 20).
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Figure 20. UGT1A9 Western Blot of miRNA Transfected HepG2 Cells. An array of 30 miRNAs was
overexpressed in HepG2 cells and UGT1A9 protein levels were determined by Western blot. UGT1A9 protein
expression was markedly induced among others after miR-21, miR-106b, miR-122, miR-155, miR-181a-5p, miR-
199a-3p, miR-216a, miR-221, and miR-222 compared to the miR-control treatment. A slight reduction of protein
levels was observed after miR-148a, miR-183-5p, and miR-214-5p transfection. p-actin was used as a loading
control.

Collectively, this data indicates that several miRNAs are capable of inducing or reducing the
UGTL1A protein expression. Furthermore, the modulatory effect was shown to occur in an
isoform-specific manner, with the same miRNA being able to cause an inhibitory or inductive
effect in different UGT1A isoforms. Of note, miR-122 consistently induced protein expression
of all UGT1A isoforms. This is of particular importance, because miR-122 was reported to be

upregulated in healthy livers suggesting a hepatoprotective effect [164].

3.5 Post-Transcriptional Regulation of miRNAs in Extrahepatic Cell Lines

Among the 30 investigated miRNAs, the candidate miRNAs that led to the highest consistency
in the reduction of UGT1A expression across the different previous experiments (chapters 3.1-
3.4) were selected for further analysis in extrahepatic cell lines, in order to extrapolate from the
potential disturbance of UGT1A expression in these cells to extrahepatic tissues and their
associated damage through the UGT1A-impaired accumulation of potentially harmful
compounds. Among the miRNAs, miR-214-5p, miR-486-3p, and miR-519d were selected for
further investigation, as they led to the highest consistency in the downregulation of the hepatic

UGT1A expression. Moreover, miR-214-5p and miR-486-3p repressed UGTIA 3’-UTR
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luciferase activity which is why they were considered as interesting candidates for further
analysis. The cell line analyses were performed in non-liver (extrahepatic) cells, specifically
esophagus and colon carcinoma. The esophagus and tissues of the gastrointestinal tract are the
first to be in contact with xenobiotics such as drugs or nutrients. For this reason, a functional
UGT1A-mediated glucuronidation in these tissues is crucial for the elimination of potentially
harmful compounds before they enter the systemic circulation [165]. As representative cells of
the aerodigestive tract (i.e., entry site of xenobiotics), the esophageal squamous carcinoma
(Kyse-70) cells were used to study the effects of local UGT1A post-transcriptional regulation.
As depictive cells of the gastrointestinal tract, the colon carcinoma cell line (Caco-2) was
utilized based on their considerable UGT1A expression. The three selected miRNAs were
overexpressed in the Kyse-70 and Caco-2 cells, then the total RNA and proteins were isolated
and UGT1A isoform-specific mRNA and protein expression were determined by TagMan-
gPCR and Western blot, respectively.

The results of UGT1A mRNA expression in extrahepatic cell lines (Kyse-70 and Caco-2) are

separately shown below:

Kyse-70 cells

The effect of post-transcriptional miR-214-5p, miR-486-3p, and miR-519d regulation on
UGT1A mRNA expression in Kyse-70 cells is outlined in figure 21. The result after miRNA
transfection is compared to miR-control transfected Kyse-70 cells. In detail, miR-486-3p (0.28-
fold) significantly reduced UGT1A1 mRNA expression, whereas an insignificant effect of
UGT1A1 mRNA expression was observed after miR-214-5p transfection. UGT1A1 mRNA
levels were insignificantly reduced by 0.05-fold after miR-519d transfection.

UGT1A3 mRNA expression was reduced after miR-486-3p (0.09-fold) transfection, though
this result was insignificant. A slight, insignificant induction of UGT1A3 mRNA levels was
detected after miR-214-5p (1.04-fold) and miR-519d (1.13-fold) transfection.

UGT1A4 mRNA expression was slightly reduced by miR-214-5p (0.06-fold) and miR-486-3p
(0.23-fold), whereby these results failed to be statistically significant. An insignificant
induction of UGT1A4 mRNA levels was observed after miR-519d (1.12-fold) transfection.
Similar to UGT1A4, UGT1A6 mRNA expression was reduced after miR-214-5p (0.08-fold)
and miR-486-3p (0.11-fold) transfection. A minor induction of UGT1A6 mRNA levels was
observed after miR-519d (1.11-fold) transfection. However, these results were not statistically

significant.
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UGT1A7 mRNA levels were reduced after transfection of miR-214-5p (0.31-fold) and miR-
486-3p (0.35-fold). A slight, insignificant induction of UGT1A7 mRNA expression was
detected after the transfection of miR-519d (1.04-fold).

UGT1A9 mRNA expression was reduced after miR-214-5p (0.35-fold) transfection, whereas
an induction was observed after the overexpression of miR-519d (1.12-fold). No effect on
UGT1A9 mRNA expression resulted by miR-486-3p. Taken together, the results for UGT1A7
and UGT1A9 mRNA expression were not statistically significant.

Caco-2 cells

The post-transcriptional effect of miR-214-5p, miR-486-3p, and miR-519d on UGT1A mRNA
expression in Caco-2 cells is outlined in figure 22. The result after miRNA transfection is
compared to miR-control transfected cells.

UGT1A1 mRNA expression was significantly reduced after miR-214-5p (0.40-fold), miR-486-
3p (0.49-fold), and miR-519d (0.40-fold) transfection. In addition, UGT1A3 mRNA expression
was significantly repressed after the transfection of miR-214-5p (0.35-fold), miR-486-3p (0.45-
fold), and miR-519d (0.61-fold). A considerable, significant reduction of the UGT1A4 mRNA
expression was observed when Caco-2 cells were transfected with miR-214-5p (0.54-fold) and
miR-519d (0.54-fold). However, the reduction was less pronounced after miR-486-3p (0.33-
fold) transfection. UGT1A6 mMRNA expression was significantly reduced after miR-214-5p
(0.29-fold), miR-486-3p (0.37-fold), and miR-519d (0.40-fold) transfection. The UGT1A7
MRNA expression was statistically significant reduced by the overexpression of miR-486-3p
(0.46-fold). On the contrary, the reduction of UGT1A7 mRNA levels after miR-214-5p (0.59-
fold) and miR-519d (0.59-fold) transfection failed to be significant. UGT1A9 mRNA
expression was significantly reduced when cells were transfected with miR-214-5p (0.56-fold),
miR-486-3p (0.49-fold), and miR-519d (0.54-fold).
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Figure 21. UGT1A mRNA Levels after Transfection of miRNAs into Kyse-70 Cells. The candidate miRNAs
(miR-214-5p, miR-486-3p, and miR-519d) were overexpressed in Kyse-70 cells and the UGT1A mRNA
expression was determined by TagMan-gPCR. A statistically significant reduction of UGT1A1 mRNA expression
was detected after miR-486-3p transfection compared to the miR-control treatment. The columns represent the
mean *+ SEM of three independent replicates. Significance was calculated relative to miR-control treatment. SEM:

Standard Error of the Mean; *: p < 0.05; n.s.: not significant.
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Figure 22. UGT1A mRNA Levels after Transfection of miRNAs into Caco-2 Cells. The candidate miRNAs
(miR-214-5p, miR-486-3p, and miR-519d) were overexpressed in Caco-2 cells and the UGT1A mRNA expression
was determined by TagMan-gPCR analysis. A significant reduction of UGT1A1, UGT1A3, UGT1A4, UGT1AS,
and UGT1A9 mRNA expression was observed after the transfection of the investigated miRNAs. The UGT1A7
MRNA levels were only significantly repressed by miR-486-3p compared to the miR-control treatment. The
columns represent the mean £ SEM of three independent replicates. Significance was calculated relative to miR-

control. SEM: Standard Error of the Mean; *: p < 0.05; **: p < 0.01; ***: p < 0.001; n.s.: not significant.

To investigate a potential translational inhibition of UGT1A enzymes in these two celltypes,
the three miRNAs (miR-214-5p, miR-486-3p, and miR-519d) were overexpressed in Kyse-70

and Caco-2 cells and the UGT1A protein expression was determined. In terms of the
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extrahepatic UGT1A protein expression, the transfection of miR-214-5p, miR-486-3p, and
miR-519d into Kyse-70 cells resulted only in a reduction of UGT1A4 protein expression
mediated by miR-214-5p and miR-486-3p. In contrast, miR-519d induced the UGT1A4 protein
expression compared to the miR-control treatment (Figure 23).

9 R R

N 0 & &P
L v X »
& & & &

UGT1A4 TR B -
Bactin S—. . . -

Figure 23. UGT1A4 Protein Expression after Transfection of miRNAs into Kyse-70 Cells. The three
candidate miRNAs were overexpressed in Kyse-70 cells and a Western blot analysis was performed. The figure
depicts the reduction of UGT1A4 protein levels after transfection of miR-214-5p and miR-486-3p. B-actin was
used as a loading control.

Dissimilarly, the overexpression of miR-214-5p, miR-486-3p, and miR-519d in Caco-2 cells
led to the reduction of UGT1A4, UGT1A7, and UGT1A9 protein levels compared to miR-

control transfected cells (Figure 24).
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Figure 24. UGT1A Protein Expression after Transfection of miRNAs into Caco-2 Cells. The candidate
MiRNAs (miR-214-5p, miR-486-3p, and miR-519d) were overexpressed in Caco-2 cells and a Western blot
analysis was carried out to detect a potential reduction of UGT1A protein expression. The miRNAs markedly
repressed UGT1A4, UGT1A7, and UGT1A9 protein levels compared to the miR-control treatment. Of note,
UGT1AT protein expression was only slightly reduced after the transfection of miR-519d. B-actin was used as a
loading control.
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For UGT1A7, miR-519d only slightly reduced the protein expression compared to miR-control
transfected Caco-2 cells. Collectively, this data demonstrates a celltype-specific effect
exhibited by the three candidate miRNAs. Of note, the post-transcriptional effect exhibited by
the miRNAs demonstrated higher consistency across UGT1A mRNA and protein expression in
Caco-2 cells.

3.6 Bioinformatic Search for miRNA Recognition Elements

A bioinformatic predictive approach aimed to identify the potential MREs of the candidate
miRNAs (miR-214-5p, miR-486-3p, and miR-519d) within the UGT1A 3’-UTR. The in silico
analysis facilitated the understanding of the possible molecular mechanism exhibited by the
miRNAs of interest. For the bioinformatic analysis, the web-based software tools RegRNA
(v2.0), PicTar, miRanda, and RNAhybrid were used, applying the default settings. RegRNA
2.0 is an integrated web server application that examines a random RNA sequence on
functional RNA motifs and sites, including miRNA target sites [143]. In order to confirm the
RegRNA-predicted interactions between the miRNA and the UGT1A 3’-UTR, the following
MRNA:MIiRNA prediction tools were used: PicTar, miRanda, and RNAhybrid. These tools
search for miRNA binding sites within a given target gene or sequence. Furthermore,
RNAhybrid was applied for the graphical visualization of the RNA hybrid formation. Since a
perfect complementarity between the miRNA seed region (5’-end nucleotides 2 to 8) and the
mRNA 3’-UTR is sufficient for mMRNA degradation [110], the chosen software tools focus on
perfect sequence complementarity at the miRNA 5’-terminal end. The hybridization between a
miRNA and the target mRNA is based on thermodynamic principles and displayed by
Minimum Free Energy (MFE)-values, expressed in kcal/mol units. Hence, the lower the
predicted MFE-value, the more energetically optimal is the hybridization of a miRNA to its
target [146]. The in silico analysis resulted in a consistent prediction of two putative MREs,
including the formation of an 8 nt sequence complementarity at the miRNA 5’-end for miR-
214-5p and miR-486-3p (Figure 25). As a result of the predictive mMRNA:mMiRNA duplex
formation, the calculated MFE-values were -27.0 kcal/mol (miR-214-5p) and -26.8 kcal/mol
(miR-486-3p). This indicated an energetically optimal RNA hybrid formation. A computational
analysis regarding miR-519d failed to predict a MRE with perfect complementarity at the
miRNA 5’-end in the UGT1A 3’-UTR, whereby miR-519d was not included in the subsequent
mutagenesis procedure.
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UGT1A 3 UTR: 5'- UCAGAGGACGUGCAGACAGGCU - 3!
Lt bt el
hsa-miR-214-5p 3'- CGUGUCGUUCACAUCUGUCCGU - 5" mfe = -27.0 kcal/mol
UGT1A 3 UTR: 5'- GGUCCC--ACC--GCUGCCCCU -3'
L || LRI
hsa-miR-486-3p 3'- UAGGACAUGACUCGACGGGGC -5' mfe = -26.8 kcal/mol

Figure 25. MicroRNA Recognition Elements with Corresponding Seed Match of miR-214-5p and -486-3p.
The figure illustrates the 8 nucleotide sequence complementarity formed between the miRNA 5’-end (nucleotides
2 t0 9) and the UGT1A 3’-UTR. The respective nucleotide sequence is underlined. The hybridization of miR-214-
5p and miR-486-3p to the UGTL1A 3’-UTR MRE is displayed by considerable minimum free energy (mfe) values.
RNAhybrid was used to visualize and calculate the mfe-values.

To study the involvement of the predicted MREs in the regulation of UGT1A 3’-UTR
luciferase activity, the 8 nt sequence (underlined in Figure 25), involved in miR-214-5p and
miR-486-3p binding, were mutated using pGL3-UGT1A-3’-UTR as a DNA template. The 8 nt
sequences were mutated by applying a site-directed mutagenesis approach. For this, PCR
mutagenesis primers (~ 30 bp) were designed that had high complementarity up- and
downstream the 8 nt target sequence. However, the target sequence was mutated by insertion of
A and T nucleotides which disrupted the original sequence in the UGT1A 3’-UTR (Figure 25).
In a two-step PCR: firstly, the mutation was incorporated forming two PCR fragments,
applying an amplification and a mutagenesis primer (Table 2), and secondly, both PCR
fragments were fused and amplified using UGT1A 3’-UTR amplification primers. The newly
generated DNA fragment was inserted into the pGL3-Basic vector to generate a plasmid
construct termed “pGL3-UGT1A-3’-UTR seed mutation” which contained the mutation in the

MRE of miR-214-5p or miR-486-3p (Figure 26).
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Figure 26. Mutagenesis of miR-214-5p and -486-3p MRE Nucleotide Sequence. The luciferase reporter
construct pGL3-UGT1A-3’-UTR was used to mutate 8 nucleotides in the MRE involved in perfect
complementarity with the 5’-end of miR-214-5p and miR-486-3p. The mutation was performed by insertion of A
and T nucleotides which mutated the corresponding nucleotide sequence responsible for the seed match. The
resulting DNA plasmid was termed pGL3-UGT1A-3’-UTR seed mutation and used as a reporter construct for the
subsequent luciferase assay.

Then, the pGL3-UGT1A-3’-UTR seed mutation was transfected together with miR-214-5p or
miR-486-3p into Hek293 cells. Next, the luciferase reporter gene assay was carried out. As a
result of the mutagenesis, the relative luciferase activity was significantly recovered by 0.68-
fold (miR-214-5p) and 0.27-fold (miR-486-3p) compared to the non-mutated plasmid (Figure
27).
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Figure 27. Luciferase Reporter Gene Assay after miR-214-5p and -486-3p MRE Mutation. The figure
illustrates the relative luciferase activity with or without the eight nucleotides in the UGT1A 3’-UTR necessary for
the perfect complementarity of miR-214-5p or miR-486-3p 5’-end nucleotides 2 to 9. The transfection of the non-
mutated plasmid pGL3-UGT1A-3’-UTR and miR-214-5p or miR-486-3p into Hek293 cells decreased the relative
luciferase activity, whereas luciferase activity significantly recovered after the mutation using pGL3-UGT1A-3’-
UTR seed mutation. The columns represent fold means + SEM of three independent replicates. Significance was
calculated relative to the non-mutated plasmid. SEM: Standard Error of the Mean; *: p < 0.05; **: p < 0.01.
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The results suggested that miR-214-5p and miR-486-3p regulate UGT1A expression by binding
to the identified target sites in the common UGT1A 3’-UTR. After the site-directed
mutagenesis of miIRNA target sites in the UGT1A 3’-UTR, it was further questioned whether
the application of antisense oligonucleotides (antimiRs) may repress miRNA functionality in a
similar manner. AntimiRs are synthetically manufactured oligodeoxyribonucleotides that are
antisense to the miRNA of interest. By targeting a miRNA, antimiRs are able to efficiently and
irreversibly silence miRNAs [166]. For this reason, miR-214-5p or miR-486-3p and a
sequence-specific antimiR (termed as “inhibitor (Inh)” in Figure 28) were co-transfected with
pGL3-UGT1A-3’-UTR, then the luciferase activity was determined. This “loss-of-function”
approach resulted in a statistically significant recovery of luciferase activity by 0.27-fold (miR-
214-5p) and by 0.19-fold (miR-486-3p) compared to the inhibitor-free transfected Hek293
cells. The results indicate a miR-214-5p and -486-3p-mediated reduction of the luciferase

activity associated with a specific hybridization to the target sites in the UGT1A 3’-UTR.
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Figure 28. Luciferase Reporter Gene Assay after Co-Transfection of a Sequence-Specific Inhibitor. A
sequence-specific inhibitor (Inh) was co-transfected with the luciferase reporter construct pGL3-UGT1A-3’-UTR
and miR-214-5p or miR-486-3p into Hek293 cells, which was followed by the luciferase assay. The figure shows a
repression of the relative luciferase activity after miR-214-5p or miR-486-3p transfection. However, this
repression was significantly eliminated when a miR-214-5p or miR-486-3p sequence-specific inhibitor was co-
transfected. The columns represent fold means + SEM of three independent replicates. Significance was calculated
relative to the inhibitor-free group. SEM: Standard Error of the Mean; *: p < 0.05; **: p < 0.01.
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3.7 Indirect Regulation of UGT1A Expression by miRNAs

Apart from the post-transcriptional regulation of UGT1A expression, the study aimed to
investigate whether the three candidate miRNAs (miR-214-5p, miR-486-3p, and miR-519d)
were able to regulate UGT1A expression through the interaction with various TFs involved in
UGT1A gene regulation. Recently, the downregulation of a TF by a miRNA was reported to
repress the gene expression of a drug-metabolizing enzyme [123]. To pursue the hypothesis of
miRNA-mediated inhibition of TFs, the bioinformatic tools PicTar and miRanda were utilized
to predict common UGT1A-inducing TFs as potential targets of miR-214-5p, miR-486-3p, and
miR-519d. PicTar and miRanda were able to evaluate the potential miRNA target based on
thermodynamic features and sequence complementarity. The bioinformatic analysis predicted
hybridization sites of the investigated miRNAs to the 3’-UTR of RXRa mRNA, whereas no
binding sites were predicted for other TFs. RXRa is a nuclear receptor, as well as a TF that
dimerizes with itself or other nuclear receptors to form heterodimers, which bind to promoter
sequences driving the transcription of the target genes [52]. Therefore, several TFs rely on
RXRa as heterodimer partner to promote the binding at responsive elements in UGT1A gene
promoters [48].

According to the mRNA:miRNA binding prediction, RNAhybrid was used to calculate the
corresponding MFE-values. The MFE-values were most pronounced for miR-214-5p (-31.3
kcal/mol), followed by the MFE-value for miR-486-3p (-29.9 kcal/mol), and miR-519d (-26.9
kcal/mol) (Figure 29). In an attempt to verify the bioinformatically predicted mMRNA:miRNA
interaction, miR-214-5p, miR-486-3p, and miR-519d were overexpressed in HepG2 cells,
followed by the RXRa expression analysis. For the RXRa expression analysis HepG2 cells were
used as the literature describes that RXRa expression is measurable in HepG2 cells, although
the expression in respective cells is usually less than 25 % compared to the human liver level
[167].
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RXRA mRNA 3 UTR: 5'- AGCUGAGUCUGUGCCCGAGACAGGCU - 3'
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Figure 29. Bioinformatic Analysis of miRNA Target Sites in the 3-UTR of RXRa mRNA. Web-based
prediction tools such as PicTar and miRanda predicted MREs for miR-214-5p, miR-486-3p, and miR-519d in the
3’-UTR of RXRa mRNA. The corresponding perfect complementarity at the miRNA 5’-end from nucleotides 2 to
9 or 10 resulted in the formation of a seed match. The respective nucleotide sequence is underlined. RNAhybrid
was used to calculate the mfe-values and visualize the hybridization sites.

To validate the predicted interaction, miR-214-5p, miR-486-3p, and miR-519d were
overexpressed in HepG2 cells, total RNA was isolated, reverse transcribed and the expression
of the RXRa mRNA was determined by TagMan-qPCR. Equivalent to the bioinformatic
analysis, the reduction of the RXRa mRNA levels was most pronounced after miR-214-5p
(0.30-fold), followed by miR-486-3p (0.22-fold), and miR-519d (0.17-fold) transfection
(Figure 30). However, the results did not show statistically significant differences while
comparing them using t-test. The comparison was made using the control versus treatment
(miR-specific), individually. As reduction of the RXRa mRNA expression was measured, the
effect of the candidate miRNAs on the RXRa protein level using HepG2 cells was investigated.
In order to achieve this goal, the 3 miRNAs (miR-214-5p, miR-486-3p, and miR-519d) were
overexpressed in HepG2 cells. Then, the nuclear extracts were generated from the cells,
because the RXRa protein has been reported to be localized in the nucleoplasm of human

mammary epithelial cells [168].
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Figure 30. RXRa mRNA Levels after miRNA Transfection into HepG2 Cells. The three candidate miRNAs
(miR-214-5p, miR-486-3p, and miR-519d) were overexpressed in HepG2 cells and the RXRo mRNA expression
was determined by TagMan-gPCR. The figure displays the expression of the RXRa gene relative to B-actin. Of
note, the three miRNAs insignificantly reduced the mRNA expression compared to the miR-control treatment. The
columns represent the mean + SEM of three independent replicates. Significance was calculated relative to the
miR-control treatment. SEM: Standard Error of the Mean; n.s.: not significant.

After the preparation of nuclear extracts, the isolated protein was separated by SDS-PAGE and
the protein bands were transferred to a nitrocellulose membrane as described in section 2.2.23.
The immunoprobing was performed using a RXRa antibody. The membrane imaging analysis
revealed a slight induction of RXRa protein expression after miR-214-5p, miR-486-3p, and
miR-519d transfection into HepG2 cells compared to the miR-control treatment (Figure 31).
Hence, the lack of translational inhibition of the RXRa protein by the investigated miRNAS

questioned their potential impact on the regulation of UGT1A gene transcription.
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Figure 31. RXRa Protein Levels after miRNA Transfection into HepG2 Cells. The three candidate miRNAs
were overexpressed in HepG2 cells, nuclear extracts were isolated and the RXRa protein levels were detected
using Western blot analysis. The figure displays a slight inductive effect of miR-214-5p, miR-486-3p, and miR-
519d on RXRa protein expression compared to the miR-control treatment. B-actin was used as a loading control.
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3.8 Upregulation of miR-486-3p in Patients with Liver Cirrhosis

Our previous experimental findings underscored the negative regulation of UGT1A expression
by miR-214-5p, miR-486-3p, and miR-519d (chapters 3.1-3.7). Thereby, the miRNA-mediated
reduction of UGT1A-catalyzed glucuronidation is likely associated with an accumulation of
potentially hazardous substances in hepatic and non-hepatic tissues possibly leading to the
damage of various tissues, including the liver [120]. It is well-known that the xenobiotic
metabolism can produce polar, nontoxic metabolites that can readily be excreted from the body.
Furthermore, it can also create highly reactive metabolites like epoxides or quinones, which
might exert detrimental effects to vital intracellular macromolecules [169]. Reactive
metabolites can be classified as electrophiles (i.e., electron-deficient molecules) that can react
with electron-rich species (i.e., nucleophiles) by covalent bond formation. These nucleophiles
are common components of macromolecules such as proteins, lipids, and nucleic acids. The
electrophiles can interact with these nucleophiles by attacking the lone electron pairs in the
sulfur, nitrogen, and oxygen atoms which are constituents of the macromolecules, forming a
stable covalent bond. Therefore, covalent bond formation between an electrophile and a protein
can affect protein folding and structure. On the other hand, changes in the DNA can result in
mutagenicity or carcinogenicity [169]. UGT1A enzymes are considered as potent antioxidants
that can eliminate reactive metabolites by glucuronidation. Against this background, the
miRNA-mediated reduction of UGT1A expression in the liver was hypothesized to impair the
elimination of reactive metabolites. Thus, this can result in the progressive injury of
hepatocytes associated with the onset of severe liver diseases (Figure 1). To further address the
impact of the respective miRNAs in the development of liver disease, their expression was
examined in the serum of cirrhotic patients aiming to relate them to the development or
progression of liver cirrhosis. In order to investigate this hypothesis, blood samples were
collected from human livers. The blood samples were collected from the liver vein of 60 liver
cirrhosis patients, as well as peripheral blood from 42 healthy individuals (serving as a control).
Following the blood processing, total RNA was isolated from the serum of all samples. In order
to compare miR-214-5p, miR-486-3p, and miR-519d expression to an endogenous control, the
SV-40 miRNA was spiked in the samples before RNA isolation, as SV-40 miRNA is a
common endogenous control described before [137]. This procedure enabled the relative
comparison and quantification of the studied miRNAs. After the circulating miRNA isolation
from the serum, reverse transcription (RT) was carried out by using a stem-loop RT primer,

which partially bound to the 3’-end of the investigated miRNA. Then, the RT product was
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amplified by using a miRNA-specific forward primer and a universal reverse primer in an end-
point PCR. Therefore, the universal reverse primer was complementary to the 3’-end stem loop
sequence incorporated in the initial RT reaction [170]. The generated RT product was then used
as the cDNA template for the final TagMan-gPCR analysis. In TagMan-qPCR, a fluorescently-
labeled probe complementary to the miRNA of interest was applied. In this way, the relative
expression of candidate miRNAs (miR-214-5p, miR-486-3p, and miR-519d) was determined.
The analysis revealed a significant upregulation of miR-486-3p (1.60-fold) in cirrhotic patients
compared to the control subjects (Figure 32). In contrary, miR-214-5p expression was only
detected in the cirrhotic patients, whereas miR-519d could not be detected in any of the two
groups of the study (data not shown).
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Figure 32. miR-486-3p Expression Levels in Cirrhotic and Control Subjects. The circulating miRNAs were
isolated from the serum of cirrhotic patients and healthy individuals. The figure illustrates the relative miR-486-3p
expression in cirrhotic patients and control subjects detected by TagMan-gPCR analysis. miR-486-3p was
observed to be 1.60-fold upregulated in cirrhotic individuals compared to healthy control subjects. SV-40 miRNA
was spiked in before miRNA isolation and used as endogenous control. The columns represent fold means + SEM
of three technical replicates. Significance was calculated relative to the control group by t-test. SEM: Standard
Error of the Mean; *: p < 0.05.

Taken together, the result indicates a potential impact of miR-486-3p in the development or

progression of liver cirrhosis, which might be mediated through its capability to modulate

UGT1A expression potentially affecting glucuronidation-based cytoprotection.
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3.9 Upregulation of miR-486-3p in a Mouse Model of Alcoholic Liver
Fibrosis and its Effects on UGT1A Expression

Since the etiology of roughly 75 % of the patients suffering from liver cirrhosis (section 3.8)
was caused by alcohol abuse, this approach intended to translate the previous experiment to an
animal model imitating ALD pathogenesis. To determine a potential upregulation of miR-486-
3p in the early stage of fibrogenesis, a humanized transgenic (htg) UGT1A wildtype (wt) mouse
model containing the entire human UGT1A gene locus except for UGT1A8, UGT1A10 and
pseudogenes (UGT1A11 and UGT1A12) [139] (Figure 3) was used. As ethanol-drinking mice
only develop steatosis and little or no inflammation a second stimulus, or “second hit”, was
required to induce fibrosis. Thus, htgUGT1A-WT mice were simultaneously treated with
carbon tetrachloride (CCl4) and ethanol. In detail, htgUGT1A-WT mice were fed with 5 % (v/v)
ethanol over a total experimental period of 8 weeks, whereby 5 % (v/v) CCls was
intraperitoneally injected twice a week within the last 4 weeks. This procedure (ethanol-CCls)
is supposed to evoke perisinusoidal and portal fibrosis, and bridging fibrosis [144]. At the end
of the experiment, htgUGT1A-WT mice were sacrificed, and livers were isolated.

Following total RNA isolation, miR-486-3p was reverse transcribed using the miR-486-3p
specific stem-loop RT primer to generate the first RT product. Mature miRNASs do not contain
the poly A-tail which is representative for mRNA transcripts. This is the reason why miRNA
reverse transcription utilizes a stem-loop RT primer which is partially complementary to the
nucleotide sequence of the investigated miRNA (i.e., miR-486-3p). In that, the stem-loop
harbors an additional nucleotide sequence that functions as the template in the second reaction.
In the second RT reaction, this generated RT product is amplified using a miRNA-specific (i.e.,
miR-486-3p) forward primer and a universal reverse primer complementary to the stem-loop
nucleotide sequence. In 2005, this principle was described by Chen et al. [171]. In this way, the
cDNA template was synthesized and eventually included in the TagMan-gPCR analysis for the
relative quantification of miR-486-3p. The normalization of miR-486-3p gene expression levels
was performed to endogenous control sSnoORNA234, which expression was shown to be stable
across 12 normal mouse tissues, including the liver (data not shown). The miRNA expression
analysis in ethanol-CCl, treated mice revealed a significant miR-486-3p upregulation by 1.34-
fold in male mice compared to their water-drinking control counterparts (Figure 33). In order to
examine a potential relation between the upregulated miR-486-3p and the UGT1A expression in
fibrotic htgUGT1A-WT mice, the isolated RNA from the liver was again reverse transcribed.
The resulting cDNA was used for the TagMan-qPCR analysis to determine the UGT1A mRNA
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expression. This analysis revealed a considerable reduction of UGT1A mRNA expression
(Figure 34). Thereby, the UGT1A3 mRNA expression was significantly reduced by 218-fold,
additionally, a significant reduction of UGT1A4 mRNA expression was observed (252-fold).
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Figure 33. miR-486-3p Expression in a Mouse Model of Alcoholic Liver Fibrosis. Male htgUGT1A-WT mice
were treated with ethanol (EtOH) and carbon tetrachloride (CCls) to generate a mouse model of alcoholic liver
fibrosis. Mice were sacrificed, livers were isolated and the hepatic miR-486-3p expression was determined using
TagMan-gPCR analysis. The figure shows the relative expression of miR-486-3p after the experimental period of
8 weeks. Of note, miR-486-3p expression was significantly induced in ethanol-CCl, treated mice (EtOH + CCly)
compared to the untreated, water-drinking counterparts (control). miR-486-3p expression levels were determined
relative to endogenous control snoRNA234. The columns represent fold means = SEM of three independent
replicates. Significance was calculated relative to the control group by t-test. SEM: Standard Error of the Mean; *:
p <0.05.

In addition, the UGT1A7 and UGT1A9 mRNA levels were decreased by 2.40-fold and 4-fold,
respectively compared to water-drinking control mice. These results suggested a possible
relation between the upregulated miR-486-3p and the reduction of UGT1A mRNA expression
in male htgUGT1A-WT mice with alcoholic liver fibrosis. This finding suggests a possible
translation of the results from the animal model to the human situation, essentially implying
that the upregulation of miR-486-3p in progressive liver diseases is associated with the reduced
UGT1A expression further promoting liver injury by the accumulation of potentially hazardous

substances and reactive metabolites.
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Figure 34. UGT1A mRNA Expression in a Mouse Model of Alcoholic Liver Fibrosis. Male htgUGT1A-WT
mice were treated with ethanol (EtOH) and carbon tetrachloride (CCly) to generate alcoholic liver fibrosis. After
the experiment ended, mice livers were isolated and the UGT1A mRNA expression was determined using
TagMan-gPCR analysis. The columns display mRNA expression of UGT1A genes relative to B-actin. The figure
shows that the UGT1A3, UGT1A4, UGT1A7, and UGT1A9 mRNA expression was significantly reduced in the
ethanol-CCl, treated mice (EtOH + CCls) compared to the untreated, water-drinking counterparts (control).
Differences in expression levels were addressed by a broken y-axis. The columns represent the mean = SEM of
three independent replicates. Significance was calculated relative to the control group. SEM: Standard Error of the
Mean; **. p <0.01; ***: p < 0.001.

In an attempt to investigate the role of miR-486-3p upon UGT enzyme activity, the transgenic
mouse model was utilized to examine the potential implication of miR-486-3p with xenobiotic
metabolism in vivo. In doing so, the post-transcriptional effect of miR-486-3p could be
translated to the level of catalytic activity highlighting miR-486-3p as a potential negative
regulator of UGT21A-glucuronidation, whereby miR-486-3p could be linked to drug-induced
toxicities associated with liver injury. To perform the procedure in mice, the first planned
approach was to insert miR-486-3p into the mouse blood stream. However, unmodified
exogenous miRNAs are prone to nucleolytic degradation [172]. Moreover, miRNA mimic
delivery into a host can be potentially toxic and/or might require additional RNA modifications
to increase its stability [172, 173]. Therefore, an ex vivo experiment was established where
primary hepatocytes from male htgUGT1A-WT mice were isolated, transfected with miR-486-
3p and subsequently used to measure UGT enzyme activity. The hepatocyte isolation protocol
started with abdominal opening of male htgUGT1A-WT mice followed by mice liver perfusion
with Ethylene Glycol Tetraacetic Acid (EGTA) solution. EGTA dissociates cells by chelating

calcium, this results in the disruption of cell adhesion to the underlying matrix [174]. Then, a
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collagenase solution was utilized leading to the degradation of ECM proteins including
collagens. The liver was completely homogenized, washed and seeded in a cell culture flask
coated with collagen A for optimal attachment. Following this, the primary hepatocytes were
transfected with miR-486-3p and incubated for 48 hours for subsequent isolation of
microsomes by ultracentrifugation. Microsomes are heterogenous, vesicle-like structures
composed of endoplasmic reticulum containing proteins such as phase 1l enzymes, among them
the UGTs [149]. The determination of UGT enzyme activity is a two-step reaction in a
bioluminescent assay system. In this enzyme activity assay, the UGTs convert the added
proluciferin substrate into a glucuronide. By the addition of a luciferin detection reagent, the
unconjugated substrate is converted to light producing luciferins. As the glucuronide remains
unconverted, no light signal is generated. Therefore, a higher UGT activity leads to a decline in
the bioluminometer light output measurement. The output signal is measured as Relative Light
Units (RLU). Then, the percentage proportion of the consumed substrate is calculated, hence
representing the catalytic activity of UGT enzymes in the respective sample. Figure 35 shows
the result of this ex vivo experiment. The data supports the previously generated results of an
inhibitory effect of miR-486-3p on UGT1A expression. In detail, the overexpression of miR-
486-3p in the isolated mouse hepatocytes reduced UGT enzyme activity by 11 % compared to

the miR-control transfected sample.

miR-control miR-486-3p

Figure 35. UGT Activity in Primary Hepatocytes of htgUGT1A-WT Mice after miR-486-3p Transfection.
Primary hepatocytes were isolated from male htgUGT1A-WT mice and transfected with miR-486-3p. Later, UGT
enzyme-residing microsomes were isolated which were used to perform the UGT enzyme activity assay. During
the bioluminescent assay, the light output was measured as Relative Light Units (RLU) and used to calculate the
percent (%) proportion of consumed substrate. The figure shows an insignificant reduction of the % proportion of
the consumed substrate after miR-486-3p transfection compared to the miR-control treatment. The columns
represent the mean + SEM of three independent replicates. Significance was calculated relative to the miR-control
treatment. SEM: Standard Error of the Mean; n.s.: not significant.
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Although these results were not statistically significant, they further emphasize the negative
UGT1A gene regulatory activity of miR-486-3p observed in various cell lines, as well as
fibrotic mice livers. Moreover, this data provides direct evidence that miR-486-3p is not only
capable to affect UGTL1A enzymes on a transcriptional and translational level but also the
catalytic activity, which is of crucial importance for the elimination of potentially harmful
molecules and/or reactive metabolites probably arising during the progression of liver diseases.
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4 Discussion

4.1 MicroRNA-Mediated Downregulation of Hepatic UGT1A Expression

In 2016, Chen et al. reviewed the role of non-coding miRNAs in hepatic detoxification [93].
The authors found that miRNAs regulate the biotransformation across all three enzyme-linked
steps: 1) functionalization, II) conjugation, and Ill) transport of the processed compounds.
Thereby, an impaired UGT1A-mediated xenobiotic metabolism is likely to result in the
accumulation of xenobiotics or reactive metabolites, essentially disturbing the antioxidative
capacity of the organism. In the liver, this may result in the more severe progression of liver
diseases supporting the conditions for fibrosis or cirrhosis development. Hence, the detection
of UGT1A-downregulating miRNAs is crucial to unravel the molecular factors likely
responsible for the development of these OS-induced liver damages. In this study, 30
miRNAs dysregulated in HCC were studied for such negative UGT1A-regulating features.
The significant effects of each UGT1A-downregulating miRNA are discussed separately for
each UGT1A isoform in the following chapters (4.1.1-4.1.5).

411 UGTI1Al

So far, UGT1A1 belongs to the best-studied isoforms among the UGT1A gene locus, as it is
the only physiological enzyme capable to glucuronidate the yellow bile pigment bilirubin
[175]. Moreover, UGT1A1 detoxifies various therapeutic drugs (e.g. simvastatin, gemfibrozil,
buprenorphine, and irinotecan metabolites) and mutagenic xenobiotics such as
benzo(a)pyrenes and N-hydroxy-2-amino-1-methyl-6-phenylimidazol[4,5-8]pyridine (N-
hydroxy-PhIP) [62], highlighting the crucial importance of this isoform in the elimination of
potentially harmful compounds. Thus, reduced UGT1AL activity is considered to be a risk
factor for the development of diseases associated with an increased exposure of toxic
environmental compounds (e.g. in HCC) or with altered drug metabolism leading to drug-
caused toxicity and tissue damage [176].

In this study, a variety of miRNAs significantly reduced UGT1A1 mRNA levels such as miR-
16a, miR-18a, miR-25, miR-29a, miR-151-5p, miR-183-5p, miR-199a-3p, miR-214-5p, miR-
216a, miR-4321, miR-486-3p, and miR-519d (Figure 9). In agreement with the repressed
UGT1A1 mRNA level, miR-151-5p, miR-183-5p, miR-199a-3p, miR-214-5p, miR-216a,
miR-4321, miR-486-3p, and miR-519d also led to the reduction of UGT1AL protein levels in
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vitro (Figure 15). These results identify miRNAs capable to repress UGT1AL expression. In
turn, the reduced UGT1A1 expression can lead to elevated levels of metabolites, which may
increase OS and promote ROS-induced tissue damage and disease development. The
reduction of UGT1A1 transcriptional activation has been extensively described before. In
2010, Strassburg has shown that SNPs in the UGT1A1 promoter or coding sequence affect
UGT1AL1 transcription, enzyme activity, or both [62]. It is suggested that UGT1A1-silencing
miRNAs can lead to comparable outcomes, i.e. drug-induced toxicities [120], which is why
the role of SNPs in the UGT1AL gene is further considered. To date, 113 genetic variants of
the UGT1Al gene (UGT1Al*1 to UGT1A1*113) were identified [62], including the
prominent UGT1A1*28 variant that is associated with Gilbert’s syndrome. The UGT1A1*28
variant is characterized by an additional insertion of a thymine-adenine (TA) repeat in the
TATAA box element of the UGT1A1 promoter (A(TA)sTAA, wildtype variant) leading to
A(TA);TAA, which decreases UGT1AL transcription by 70 % [177]. Wasserman et al. were
the first to provide clinical evidence that the UGT1A1*28 genetic variant is coupled to severe
irinotecan-related toxicities such as diarrhea and neutropenia [178]. The miRNA-mediated
downregulation of UGT1A1 expression shown in this study, therefore, provides experimental
evidence for a general mechanism possibly leading to compromised drug-glucuronidation or
impaired antioxidative balance in other diseases. The first experimental proof of miRNA-
mediated impaired drug metabolism by UGT1A1 was provided recently. In the research work
by Dluzen et al., a significantly reduced UGT1Al-mediated glucuronide formation was
demonstrated when Huh-7 cells were transfected with miR-491-3p [120]. As a substrate for
UGT1A1, the authors used the chemotherapeutic agent raloxifene which was reported to be
specifically metabolized by glucuronidation. The study now provides evidence for the
inhibition of UGT1AL activity mediated by miR-486-3p indicating that the upregulation of
miR-486-3p might affect the therapeutical treatment with drugs eliminated by UGT1Al,
which possibly leads to drug-related toxicities or other side effects. This hypothesis is further
supported by the results obtained in the UGT enzyme activity assay, where UGT(1Al)
enzyme activity was reduced in mouse primary hepatocytes transfected with miR-486-3p.
This is in line with the results described by Dluzen et al. for miR-491-3p and corroborates that
miR-486-3p acts as a negative regulator of UGT(1A1)-mediated substrate metabolism in vivo
(Figure 35).
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4.1.2 UGT1A3 and UGT1A4

The human UGT1A3 and UGT1A4 share about 93 % identity in their amino acid sequences,
whereby both enzymes glucuronidate partially the same substrate classes [43]. However,
UGT1AS3 represents a physiological enzyme able to glucuronidate bile acids [179]. Among
the diverse etiologies, liver fibrosis can develop from cholestatic liver disease [180]. This
pathological condition is characterized by an impaired bile flow from the liver to the
duodenum resulting in the hepatic accumulation of cytotoxic bile acids. Due to their
amphiphilic properties, bile acids can exhibit their detergent action upon hepatic lipids
potentially leading to cell membrane disruption and hepatocyte apoptosis and the generation
of ROS [181]. In this work, the UGT1A3 mRNA levels were significantly reduced by miR-
17, miR-18a, miR-25, miR-29a, miR-151-5p, miR-183-5p, miR-199a-3p, miR-214-5p, miR-
214-3p, miR-330, miR-486-3p, and miR-519d (Figure 10). Ogawa et al. reported that miR-
199a-3p was upregulated in human livers with advanced fibrosis [182]. Among the UGT1A3-
downregulating miRNAs examined in this study, miR-199a-3p was also identified to reduce
UGT1A3 protein levels in HepG2 cells (Figure 16). Consequently, this study provides
experimental evidence for a miR-199a-3p-mediated reduction of UGT1A3 expression, which
may lead to the accumulation of toxic bile acids in the liver hence stimulating the progression
of fibrogenesis, because of impaired UGT1A3-mediated bile acid glucuronidation. As
increased levels of detergent bile acids in cholestatic livers are associated with hepatocyte
death and an elevated ROS production, the downregulation of UGT1A3 might increase
hepatic OS, a well-known driver for fibrosis in cholestasis-related liver diseases [183].
Moreover, the miR-199a-3p-mediated reduction of UGT1A3 may also lead to the impaired
glucuronidation of drugs or other endo- and xenobiotics, which are used to treat various
disease conditions in human tissues that may augment the possibility of drug-related side
effects.

The UGT1A4 enzyme shows maximal specific activity towards aliphatic alcohols, Cig
steroids, and sapogenins which was absent for UGT1A3 [43]. In view of the generated results
obtained for UGT1A4 expression, numerous miRNAs significantly repressed UGT1A4
MRNA levels (Figure 11). These miRNAs were miR-16a, miR-18a, miR-20a, miR-29a, miR-
34a, miR-106b, miR-181a-5p, miR-199a-5p, miR-199a-3p, miR-221, and miR-519d. In line
with the reduced mRNA levels, the UGT1A4 protein levels decreased after transfection of
miR-18a, miR-29a, and miR-34a (Figure 17). Interestingly, an upregulated miR-34a

expression was reported in ALD and in liver fibrosis [184, 185]. Based on the results of the
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present study, this suggests that the UGT1A4-catalyzed endo- and xenobiotic glucuronidation
may consequently be impaired in individuals with ALD through the overexpression of miR-
34a. The deficient antioxidative capacity in ALD and liver fibrosis triggered by miR-34a may,
therefore, promote the progression from ALD to more severe liver fibrosis/cirrhosis. Hong et
al. reported that in three mouse models of CCls-induced fibrosis, members of the miR-34
family were upregulated (Figure 36, panel 3) [186]. In line with Hong et al., the negative
regulation of UGT1A expression by upregulated miR-34a expression is likely to be also
transferable to our murine fibrogenesis model (Figure 34). More specifically, in the ethanol-
CCly treated mouse model the UGT1A3 and UGT1A4 mRNA levels were tremendously
reduced which emphasizes the implication of post-transcriptional regulation (i.e., by miR-34a)
in the fibrotic liver tissue which disrupted the UGT1A-mediated glucuronidation capacity

incapable to eliminate the accumulating levels of carcinogenic CCls-intermediates.
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Figure 36. The effect of miRNAs in the liver development, and across liver diseases until liver cancer. The
figure shows the different development stages from normal to chronic liver diseases up to hepatic cancer. The
stages are outlined from left to right, with stage 1 at the very left. In stage 1, the development of hepatic stem
cells to hepatocytes is regulated, among the regulating factors are miRNA such as miR-122 and Let-7. In stage 2,
the influence of environmental or other stimuli (e.g. hepatitis B/C viruses, obesity, and alcohol) lead to
hepatocyte injury. Relevant miRNAs are among others miR-122 and miR-155. In stage 3, the persistent
hepatocyte injury results in chronic inflammation (hepatitis) which can trigger the activation of stellate cells. As
a response to the chronic inflammatory conditions and hepatocyte apoptosis/necrosis, stellate cells produce ECM
proteins including fibrillar collagens (liver fibrosis). Liver fibrosis can advance to cirrhosis. For instance, the
involved miRNAs are miR-34 and miR-199 family members. In stage 4, liver cirrhosis can progress to liver
cancer (HCC) which can convert to the intrahepatic cholangiocellular carcinoma (ICC). Finally, HCC or ICC
cancer cells can spread to new areas of the body (metastasis). MiRNAs such as miR-122 and Let-7 are
downregulated in HCC. The underlying miRNAs outlined in each liver stadium are only exemplary and are far
from being complete. The figure was adapted from [113].
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HCC emerges as a lethal burden of cirrhosis within a diseased liver [187]. Connolly et al.
showed in a miRNA profiling study with human primary hepatitis B virus-positive HCC
patients that miR-18a is upregulated [188]. In this study, miR-18a reduced the UGT1A4
expression, which is why miR-18a is identified as a negative regulator of UGT1A4-mediated
detoxification of primary and secondary amines, as well as sapogenins that are key in
therapeutic drugs [189]. Therefore, the miR-18a-mediated downregulation of UGT1A4
expression can likely cause drug-induced toxicities, which may be considered during drug
administration in patients with HCC.

413 UGTI1AG6

The UGT1A6 enzyme was described to exhibit higher specific activity towards complex
phenols and primary amines as any other UGT1A isoform [43]. In addition, UGT1AG6 belongs
to the major tobacco carcinogen detoxifying enzymes able to glucuronidate phenolic
benzo(a)pyrene metabolites such as quinones, phenols, and quinols, generated by CYP450-
mediated bioactivation [190]. The in vitro experiments performed in this work revealed a
downregulation of UGT1A6 mRNA expression by miR-15a, miR-16a, miR-18a, miR-25,
miR-29a, miR-155, miR-199a-3p, miR-221, miR-486-3p, and miR-519d (Figure 12). This
data was further supported by miR-18a, miR-25, miR-155, miR-199a-3p, miR-221, miR-486-
3p, and miR-519d that reduced UGT1AG6 protein levels (Figure 18). This miRNA-mediated
reduction of UGT1A6 expression may present a likely inducer of increasing OS levels and
severe tissue damage due to the accumulation of carcinogenic benzo(o)pyrene metabolites in
tissues, forming covalent bonds with intracellular macromolecules, including DNA, protein
and/or lipids representing the chemical properties of such reactive metabolites [169]. Thereby,
excessive tobacco smokers suffering from advanced liver fibrosis may underlie severe
exposure to benzo(a)pyrene metabolite-driven hepatic and non-hepatic tissue damage, in
response to miR-199a-3p-mediated reduced UGT1A6 activity. The respective miR-199a-3p
could therefere be considered as a significant regulator of the antioxidative balance in fibrotic
livers [182]. In a study of our laboratory, Kalthoff et al. showed that mice with genetic
polymorphisms leading to impaired UGT1A expression generated higher OS levels compared
to their WT counterparts after benzo(o)pyrene treatment [142]. This further supports the
hypothesis of increased OS levels in the presence of UGT1A6 polymorphisms. Since

polymorphisms in the UGT1A6 gene can modify its expression, the post-transcriptional
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regulation by miRNAs in this study is suggested to affect UGT1A6-catalyzed benzo(a)pyrene
detoxification. The genotoxic properties of benzo(a)pyrene were studied in the research work
by Deng et al. [191]. The authors exposed mice to an acute benzo(a)pyrene treatment and
observed among all the tested tissues high oxidative stress levels and high DNA damage in
the liver, the organ that is primarily involved in the metabolism of carcinogenic
benzo(a)pyrene. This finding underscores the need for a rapid UGT1A6-mediated carcinogen
glucuronidation from the tissues, to prevent severe liver diseases and hepatocarcinogenesis.
Therefore, the upregulation of UGT1A6-downregulating miRNAs indicates a significant risk
for the elimination of polycyclic aromatic hydrocarbons (PAH), including benzo(a)pyrene
which is a ubiquitous food-borne and environmental pollutant found in car exhaust fumes,
tabacco smoke, charcoal-grilled meats, and contaminated soil and water [192]. In a case-
control study, Su et al. found that the environmental exposure to benzo(a)pyrene might
increase the risk of HCC, among populations with hepatitis B virus infection and alcohol
consumption [193]. Since the expression of miR-221 increased along with the progression of
liver fibrosis [182], this miRNA is suggested to facilitate the risk for the development of
HCC. Supported by the results in this work, the miR-221-mediated reduction of UGT1A6
expression may likely result in the impaired UGT1A6-catalyzed benzo(a)pyrene metabolite,
drug, and reactive intermediate glucuronidation in fibrotic livers which may promote the OS-
induced progression from liver fibrosis to HCC. In addition to PAHs, UGT1A6
glucuronidates ordinary phenol-containing drug paracetamol [45]. The paracetamol
elimination is primarily subjected to glucuronidation and sulfation in man. In addition, small
amounts of CYP450-produced toxic N-acetyl-p-benzoquinonimine (NAPQI) are eliminated
by the conjugation with glutathione. In the condition of paracetamol overdoses, the NAPQI-
intermediate can accumulate in tissues and form covalently bound NAPQI-protein adducts
causing severe liver damage and necrotic cell death [194]. The abuse of paracetamol as pain
killer in certain diseases may cause fatal hepatoxicity, in response to the miRNA-mediated
downregulation of the UGT1AG6 activity capable to eliminate paracetamol (and their
intermediates) from the body. In response to the miRNA-mediated impaired glucuronidation
by UGT1A®G, incorrect dosing of paracetamol may overwhelm sulfation and deplete
intracellular glutathione levels promoting NAPQI-related development of liver diseases.

During chronic alcohol consumption, the expression of miR-155 is increased in isolated
Kupffer cells in which miR-155 induced an inflammatory response (Figure 36) [195]. In this

work, the miR-155 overexpression reduced UGT1AG6 expression in vitro, which indicates that
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miR-155 might, additionally to its reported role, constitute a potential risk factor for the
UGT1A6-mediated elimination of potentially harmful substances during the onset or
progression of ALD in man.

414 UGT1A7

The UGT1A7 enzyme is extrahepatically expressed in the orolaryngeal tissue and detoxifies
therapeutic drugs and food-borne carcinogens such as PAHs and heterocyclic amines (e.g.
PhIP) at their entry point into the body [45]. PhIP is the most abundant heterocyclic amine
with well-characterized genotoxicity, reported to form PhIP-DNA adducts in the human colon
and mammary gland [196]. These human health-threatening carcinogens are present in
processed meat and were described to increase the risk of various cancers such as gastric,
colorectal, and esophageal cancers [197]. In this work, miR-4321 reduced the UGT1A7
MRNA expression (Figure 13) that, however, was not supported by a decline in the UGT1A7
protein expression (Figure 19). Since other miRNAs (e.g. miR-183-5p and miR-214-5p) led to
a reduction of the UGT1A7 mRNA levels, miRNAs may represent considerable post-
transcriptional regulators of UGT1A7 expression. Therefore, the miRNA-mediated reduction
of UGT1A7 expression may result in the reduced carcinogen glucuronidation in the
extrahepatic tissues, promoting macromolecular adduct formation and the tissue damage-
derived onset of severe diseases. The functional importance of UGT1A7 in xenobiotic
detoxification has been reported before. In 2008, Strassburg et al. described the genetic
UGT1A7 variant, UGT1A7*3, which contains 3 AA changes (N129K, R131K, and W208R) in
the UGT1A7-derived exon 1, and an additional promoter polymorphism (-57T>G) which
leads to reduced UGT1A7 activity [45]. Furthermore, Strassburg et al. performed a case-
control study with colorectal cancer (CRC) patients and healthy controls, and found that the
UGT1A7*3 allele exhibited no catalytic activity towards benzo(a)pyrene metabolites, PhIP
and other substrates which indicated that UGT1A7*3 represents the main risk allele of CRC
[198]. In addition, the UGT1A7*3 allele increased the severity of liver cirrhosis and the risk
for the development of HCC [199, 200]. This study supports the role of UGT1A7 and shows
that an upregulated miRNA (Figure 32) can reduce UGT1A7 mRNA expression in a mouse
model of alcoholic liver fibrosis (Figure 34). This result suggests that the miRNA-mediated
reduced UGT1A7 expression can lead to the accumulation of mutagenic carcinogens and other

harmful components in the liver and the surrounding tissues which triggers the development
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or progression of liver fibrosis/cirrhosis, or CRCs. Experimental evidence for the miR-486-
3p-mediated impaired UGT1A7 expression is provided by the reduction of UGT1A7 mRNA
and protein expression in Caco-2 cells (Figure 22, Figure 24), which may significantly repress
UGT1A7-glucuronidation in extrahepatic tissues (e.g. the colon) leading to drug-induced
toxicities specifically during treatment with medications. As an anti-cancer drug, irinotecan
and its toxic active metabolite SN-38 are utilized for the treatment of metastatic CRC [201],
in turn, SN-38 is inactivated in the human liver by UGT1A enzymes such as UGT1A7 [202].
However, the presence of SNPs in the first exon of UGT1A7 reduces SN-38 glucuronidation
activities and is associated with irinotecan-related toxicities [203]. These findings emphasize
the physiological importance of UGT1A7-mediated therapeutic drug metabolism and point to
miR-486-3p as a critical regulator of UGT1A7 expression potentially promoting the
accumulation of the toxic SN-38 metabolite in the liver and surrounding tissues, particularly
relevant as miR-486-3p was shown to be upregulated in malignant CRC cell lines [204]. In
conclusion, the potential upregulation of the UGT1A7-downregulating miRNAs such as miR-
4321 and miR-486-3p in UGT1A7*3 carriers may establish a fatal combination and is likely

increasing the risk for the development of severe liver disease or cancer.

415 UGT1A9

UGT1A9 detoxifies propofol [205], flavopiridol [206], mycophenolic acid [207],
acetaminophen [208], anticancer drugs [78], and mutagenic arylamines (e.g. PhIP and N-
hydroxy-PhIP) [80]. The UGT1A expression studies in vitro revealed that UGT1A9 mRNA
levels were significantly reduced by miR-25 and miR-214-5p (Figure 14). In line with these
results, UGT1A9 protein expression was slightly reduced by miR-214-5p in liver cancer
HepG2 cells (Figure 20). The downregulation of the UGT1A9-mediated substance
glucuronidation by miR-214-5p may increase the risk for the onset of liver diseases since the
accumulation of therapeutic drugs and mutagenic xenobiotics in the tissues may initiate
severe tissue damage. Thereby, individuals with injured livers or metastatic CRC and
upregulated miR-214-5p expression may encounter severe drug-induced toxicities when
treated with anticancer drugs, including irinotecan [78]. lizuka et al. showed that miR-214-5p
expression correlated with the severity of liver fibrosis in 35 patients with hepatitis C
infection which indicated that miR-214-5p may be involved in the progression of liver fibrosis

[209]. In line with lizuka et al., this work supports the contribution of miR-214-5p in the
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progression of liver fibrosis, because of the potential accumulation of harmful substances in
the liver due to the impaired UGT1A9-mediated detoxification of reactive metabolites and
other xenobiotics. Consistent with this, further evidence is provided by the experiments using
fibrotic mice (Figure 34). In the OS-related condition of liver fibrosis, the UGT1A9 mRNA
expression statistically significantly reduced which was potentially attributed to the
upregulation of miR-486-3p expression, however, may likely be traced back to other miRNAs
such as miR-214-5p dysregulated in the emerging liver fibrosis. A strong indication for the
role of miR-214-5p in the progression of liver fibrosis to cirrhosis is provided in this study
(chapter 3.8), where the expression of miR-214-5p was detected in liver cirrhosis. This result
points to a potential miR-214-5p-mediated impaired UGT1A9 (and other UGT1A) expression
through the common UGT1A 3’-UTR, which is attributable to the increase of unconjugated,
yet biologically-active compounds readily interacting with intracellular macromolecules
causing cell damage and apoptotic/necrotic cell death. In this regard, the miR-214-5p-
mediated cellular damage may affect the hepatic as well as extrahepatic tissues, supported by
the reduction of UGT1A expression in extrahepatic cell lines (chapter 3.5).

4.2 ldentification of Novel miRNAs Targeting the Common UGT1A 3’-
UTR

Considering the target mRNA 3’-UTR, animal miRNAs form partial complementarity within
the MRE. However, perfect complementarity between the miRNA 5’-end nucleotides
(nucleotides 2-8), the critical region denoted as the “seed region” and the target mRNA is
sufficient for the regulation [110]. In this work, the performed in vitro assays determined
miR-214-5p, miR-486-3p, and miR-519d as novel UGT1A post-transcriptional regulators. The
in silico analysis to predict the potential binding sites in the UGT1A 3’-UTR revealed the
generation of thermodynamically stable mMRNA:mMiRNA duplexes for miR-214-5p and miR-
486-3p, based on the 8-nucleotide seed match and additional base pairing near the miRNA 3°-
end (Figure 25). The mutagenesis of the 8 nucleotides in the UGT1A 3’-UTR responsible for
seed pairing (Figure 26) resulted in a statistically significant recovery of the luciferase activity
(Figure 27). This emphasizes the complementary binding of miR-214-5p and miR-486-3p
with their predicted MRE within the UGT1A 3’-UTR. Moreover, in this work miR-214-5p
and miR-486-3p are identified as two novel regulators of UGT1A gene expression due to their
hybridization to MREs within the UGT1A 3’-UTR. In other studies, UGT1A gene expression
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was shown to be regulated by miRNAs [120, 210]. Dluzen et al. indicated that miR-491-3p
targeted the bioinformatically predicted MRE in the UGT1A 3’-UTR [120]. To confirm the
functional implication of the MRE, the authors deleted 4 nucleotides within the UGT1A 3’-
UTR-located nucleotide sequence complementary to miR-491-3p’s seed region which led to
the statistically significant recovery of luciferase activity [120]. In contrast to Dluzen et al., a
mutagenesis approach was performed in this work which disrupted the complementary
hybridization of the miRNA 5’-end with the UGT1A 3’-UTR MRE and led to similar
luciferase recoveries (Figure 27). This result indicates that both strategies (deletion or
mutagenesis) lead to the disruption of the nucleotides complementary to the miRNA seed
region. Furthermore, this demonstrates that: 1) the MRE-related nucleotides involved in seed
pairing are crucial for miRNA activity and 2) a deletion of only 4 nucleotides or the
nucleotide mutagenesis are sufficient to inactivate a miR-specific MRE.

Animal miRNAs are reported to form partial complementarity with their target mRNA,
whereas plant miRNAs form perfect or near-perfect complementarity with their target
MRNAs [211]. Therefore, partial complementarity leads to the regulation of hundreds of
target genes by animal miRNAs eliciting pleiotropic effects [96]. Moreover, miR-214-5p and
miR-486-3p were recently reported to silence the expression of other genes [212]. Li et al.
reported that miR-214-5p is a highly expressed miRNA in patients with bone fractures. Under
the conditions of bone fractures, miR-214-5p targeted the 3’-UTR of COL4A1 mRNA
encoding type IV collagen a-chain 1 which repressed cell survival and extracellular matrix
formation of osteoblastic cells. Considering miR-486-3p, it was reported that miR-486-3p is
related to cancer [204]. Feng et al. reported that miR-486-3p was upregulated in CRC cell
lines where it functioned as a negative regulator of apoptosis by binding to the 3’-UTR of
BH3-only family proapoptotic protein (BIK) mRNA. The inverse correlation of upregulated
miR-486-3p and downregulated BIK increased the CRC cell migration and invasion.
Furthermore, it was shown that miR-486-3p contributed to the aggressive behavior of
malignant CRC cells. The bioinformatic search for more target mMRNAs of miR-214-5p, miR-
486-3p, and miR-519d was pursued and predicted RXRo mRNA as a novel target (Figure 29).
The experimental validation revealed that RXRo mRNA expression was reduced after miR-
214-5p, miR-486-3p, and miR-519d transfection into liver cells (Figure 30). This result
suggested that RXRa: may be considered as another novel target gene regulated by the three

candidate miRNAs. In this way, the finding that an animal miRNA is capable of regulating
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numerous target mRNAs through partial hybridization to the 3’-UTR was repeatedly
supported.

4.3 Hepatoprotective Properties of miR-122

In literature, it is reported that miR-122 comprises 70 % of the liver’s total miRNA [213].
Moreover, miR-122 is reported to exert anti-inflammatory and anti-fibrotic properties in the
liver [164]. The investigation of the post-transcriptional regulation of UGT1A expression in
vitro pointed to miR-122 as a potential strong inducer of UGT1A-mediated substance
detoxification. These results support the hepatoprotective effect of miR-122 and identify
UGT1As as novel genes induced by miR-122. The miR-122-mediated upregulation of UGT1A
expression implies that individuals with overexpressed miR-122 are subjected to an enhanced
elimination of phase I-activated potentially harmful compounds which may contribute to a
considerable reduction of intracellular OS levels by means of an induced UGT1A-mediated
detoxification activity. In this study, miR-122 consistently induced the hepatic UGT1Al,
UGT1A7, and UGT1A9 expression (chapters 3.3, 3.4), which is why this may facilitate the
detoxification of SN-38 metabolites [214]. The positive association between a highly active
UGT1A enzyme and therapeutic drug metabolism has been reported before [78]. Girard et al.
explained that UGT1A9 polymorphisms increased enzyme activity and reduced the irinotecan-
induced toxicity. In line with this finding, miR-122 may contribute to the reduction of the
unwanted side effects observed with irinotecan medication such as neutropenia and diarrhea
due to the tremendous activation of the essential physiological UGT1A enzymes capable to
glucuronidate SN-38 metabolites. Of note, Kutay et al. reported that miR-122 was
downregulated in human primary HCCs [215]. Moreover, Tsai et al. developed a miR-122
knockout mouse line and reported that these mice spontaneously developed HCC [213]. These
findings suggest that the miR-122-promoted antioxidative balance is disrupted under the
conditions of HCC and lacking miR-122 expression which is subjected to a disruption of
important cellular metabolic pathways, including the UGT1A-mediated xenobiotic
glucuronidation. Against this background, a replacement of miR-122 in subjects with HCC
may restore the metabolic antioxidative balance in the liver due to the potential recovery of
the UGT1A-mediated glucuronidation of xenobiotic substances. On the other hand, the liver’s
high miR-122 expression has been reported to be of crucial importance during the infection of

hepatitis C virus (HCV). Li et al. showed that miR-122 acts as an essential host factor for
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HCV infection [216]. The authors described that the 5’-UTR of the HCV genomic RNA has
two conserved miR-122 target sites near the internal ribosome entry site which are targeted by
miR-122. Hence, the HCV RNA 5°-UTR is protected from nucleolytic degradation which
stabilizes this region and stimulates the replication and translation of the viral RNA. In this
work, the molecular mechanism of the miR-122-mediated induction of UGT1A expression has
not been studied in detail. The luciferase data indicate a slight induction of the UGT1A 3°-
UTR luciferase activity after miR-122 transfection (Figure 8). However, generally the
targeting of miRNAs to the mRNA’s 3’-UTR results in post-transcriptional gene silencing
which induces mRNA decay and translational inhibition [110]. Considering the molecular
mechanism of miR-122 during HCV-mediated liver infection [216], miR-122 might target a
sequence which is different from the 3’-UTR to induce gene expression. In literature, the
miRNA-mediated induction of gene expression has been reported before. In 2008, Place et al.
were the first to describe that miR-373 induces mRNA expression by hybridization to
complementary sites in the promoters of the target genes which increased RNA polymerase 11
binding intensity at the transcription start site [217]. Place and colleagues, therefore, regarded
miR-373 acting as a TF. An even more interesting mechanism of transcriptional gene
activation has been described by Xiao et al. [218]. The authors reported that miR-24-1 was
capable to remodel the chromatin at enhancer regions in the nucleus which induced the
enhancer RNA expression. These literature findings underpin the various mechanisms of
miRNAs to induce the target gene expression and lead to the conclusion that one of the
above-mentioned mechanisms may be transferable to miR-122, although the underlying

mechanisms have yet to be studied.

4.4 Potential Mechanisms for the UGT1A Expression Variability

In this work, the miRNA-mediated regulation of UGT1A mRNA expression varied across
UGT1A isoforms, even though all UGT1A mRNAs share the common 3’-UTR. This becomes
clear when the in vitro effects of miR-34a are taken into consideration. Hence, miR-34a
increased the UGT1A1 and UGT1A3 mRNA levels, but led to a decrease or no changes in the
UGT1A4, UGT1A6, UGT1A7, and UGT1A9 mRNA expression (chapter 3.3). This
discrepancy between the different UGT1A isoforms may emphasize more complex
mechanisms which can modulate the miRNA-mediated UGT1A expression. In numerous

studies, an isoform-specific regulation of UGT1A expression has been observed. Dluzen et al.
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studied the post-transcriptional regulation of UGT1A expression and revealed a celltype-
specific effect after miR-491-3p transfection, showing that UGT1A1 expression and activity
decreased in Huh-7 cells, but remained unchanged in HepG2 cells [120]. Similar celltype-
specific behavior was also observed in this work when comparing cell line-specific UGT1A
expression (chapter 3.5). The authors also reported that UGT1A4 and UGT1A9 expression
were not significantly repressed after miR-491-3p transfection into Huh-7 cells. Dluzen and
colleagues computed UGT1A mRNA secondary structures and found that each UGT1A
isoform had a unique secondary structure suggesting an impaired hybridization of miR-491-
3p to the individual UGT1A mRNA. Later, Wang et al. identified miR-298 as a novel post-
transcriptional regulator of UGT1A expression [210]. In line with the findings by Dluzen et
al., Wang and colleagues also discovered such an isoform-specific regulation which prompted
them to compute UGT1A mRNA secondary structures and report unique miR-298-MRE
secondary structures in the UGT1A mRNAs. Regarding these findings, the UGT1A mRNA
expression variability may be attributable to such individual UGT1A mRNA secondary
structures that likely affects the miRNA-based targeting of MREs in the common UGT1A 3’-
UTR. The impaired accessibility of MREs in the UGT1A 3’-UTR may, therefore, affect
miRNA activity which points to the importance of mMRNA secondary structures. The
implication of MRNA secondary structures and miRNA activity has been extensively studied
before. Long et al. performed an extensive accessibility profiling analysis to study the
accessibility of Let-7 miRNA to its complementary sites in the Lin-41 mRNA 3’-UTR [219].
The authors designed Lin-41 mRNA 3’-UTR mutants containing adjacent Let-7-
complementary sites with an interspersed 27-nt mutated or designed spacer, and performed in
vivo experiments that resulted in configurational changes of the target sites and an altered
MRNA secondary structure. In fact, Long et al. found that Let-7 was most active at
structurally accessible target sites, indicating the pivotal contribution of mMRNA secondary
structures on miRNA activity.

Apart from mRNA secondary structures, the interindividual variability in UGT1A gene
expression can underlie numerous other regulatory mechanisms. These can include epigenetic
modifications, TFs, and polymorphisms (e.g. SNPs). Many epigenetic factors such as DNA
methylation, histone modifications and non-coding RNA (e.g. miRNA) regulation can affect
drug-metabolizing gene expression and occur as a response to a variety of changes to the
environment, diet, patho- or physiological conditions [220, 221]. Histone modifications that

occur on the same or another histone tail confer the overall expression status of a DNA
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region. Histone acetylation catalyzed by histone acetyltransferases has the highest potential to
unfold chromatin, because it neutralizes the basic charge of histone proteins’ lysine residues.
This results in the disintegration of the DNA and histone interaction which enables the
binding of TFs. On the other hand, histone hypoacetylation and hypermethylation is a
characterization of silenced DNA sequences [222]. The transfer of a methyl group to the
cytosine pyrimidine ring at the 5° position of a CpG site by DNA methyltransferases can
silence the transcription on a long-term by alteration of chromatin structure that prevents
binding of TFs or co-activators [220]. Interestingly, Oda et al. found that the UGT1Al
promoter was hypermethylated in the kidney and hypomethylated in the liver, indicating the
increased expression of UGT1AL in the liver, but absent expression in the kidney [223].
Moreover, the authors showed that histone H3 near the UGT1Al promoter was
hypoacetylated in the kidney, but hyperacetylated in the liver. Mammalian non-coding RNAs
were also found to regulate the expression of eukaryotic genomes on different levels (Figure
37) [111].
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Figure 37. Levels of Gene Expression Regulation by Mammalian microRNA. Mammalian microRNAs
regulate the eukaryotic gene expression on different levels. MicroRNAs (represented as red line) are present in
the nucleus (ochre) where they can modulate histone modifications and/or DNA methylation. Moreover,
microRNAs control the biosynthesis of TFs responsible for transcriptional activation of gene expression and can
interact with key splicing factors which can affect mRNA alternative splicing. In the cytoplasm (beige), the
interaction of the microRNA 5’-end with MRES in the target mRNA 3’-UTR leads to the degradation of mMRNA
and can inhibit the mRNA translation. Finally, microRNAs can be incorporated into secreted membrane vesicles
(extracellular vesicles) which are then transported between cells to potentially regulate the gene expression of the
recipient cell. The figure was modified from [224].
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As mentioned before [218], miR-24-1 is capable to translocate into the nucleus and modulate
the chromatin structure which can induce the target gene expression. Therefore, the discussed
regulatory epigenetic mechanisms may have a considerable impact on UGT1A expression,
which has in part been supported in this study through the elucidation of the post-
transcriptional regulation of RXRa and UGT1A mRNA expression. The TFs HNF1a and 4a,
PXR, CAR, and AhR belong to relevant transcriptional regulators of UGT1A expression [225,
226]. Hu et al. reported that their TF responsive elements are located in the UGT1A promoters
which implies an individual transcriptional activation of UGT1A mRNA expression [48]. In
this work, the isoformic UGT1A mRNA levels revealed variable expression patterns after
miR-34a (and other investigated miRNA) transfection which may shed light onto miR-34a-
mediated transcriptional activation of UGT1A mRNA expression. As a matter of fact, the
relevant heterodimer partner (RXRa) of numerous TFs is regulated by miR-34a. Oda et al.
reported that miR-34a is a negative regulator of RXRa expression in the liver [123], which
affected the induction and transactivity of drug-metabolizing enzyme gene expression. As
miR-34a can repress RXRa expression, the transcriptional activation of each UGT1A gene is
likely to be affected. Since the RXRa protein forms heterodimers with a considerable number
of TFs [52], the miR-34a-mediated downregulation of RXRa may be, amongst others, a
possible explanation for the UGT1A expression variability observed in this work. In this
study, the RXRa mRNA expression was reduced by miR-214-5p, miR-486-3p, and miR-519d
(Figure 30). This result suggests that the 3 candidate miRNAs impaired the transcriptional
activation of UGT1A mRNA expression by downregulation of RXRa expression which
would, thereby, support the observed UGT1A expression variability. However, since the
RXRa protein expression was slightly induced rather than reduced the indirect regulation of
UGT1A expression by miR-214-5p, miR-486-3p, and miR-519d requires further experimental
evidence (Figure 31).

Lastly, genetic UGT1A polymorphisms can be attributable to the variablitiy in UGT1A
expression. In this regard, a human variant haplotype containing 10 common occuring
UGT1A SNPs (UGT1A1*28, UGT1A3 -66T>C, UGT1A3 V47A, UGT1A3 WI1IR,
UGT1A6*2a (S7TA/ T181A/ R184S), UGT1A7*3 (N129K/ R131K/ W208R/ -57T>G)) has
been described to be present in about 10 % of the white population [139]. Moreover, this
haplotype led to reduced UGT1A mRNA and protein expression, as well as transcriptional
activation by mutagenic xenobiotics, carcinogens, and endotoxin. The presence of common

UGT1A promoter polymorphisms was shown to affect the functionality of a TF binding motif
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[66]. SNPs in the UGT1A promoters, therefore, alter UGT1A gene transcription and account
for the interindividual variability of UGT1A gene expression.

Apart from the variability of UGT1A mRNA expression, a discrepancy between the UGT1A
MRNA and protein expression was observed in this study. For instance, UGT1Al and
UGT1A3 mRNA expression was upregulated, whereas the corresponding protein levels were
reduced after miR-34a transfection into HepG2 cells (chapters 3.3, 3.4). In literature, this
discrepancy has been reported before. In 1999, Olsen and Ambros noted similar relations
when studying the impact of regulatory RNA (lin-4) in C. elegans larval development [227].
Therefore, Olsen and Ambros observed that lin-4 inhibited the translational elongation and
functional LIN-14 protein synthesis in larval development without affecting the abundance of
lin-14 mRNA levels. Remarkably, lin-4 and lin-14 mRNA were found in association with
polyribosomes which was suggested to impair protein synthesis near a time point of
translational initiation [227, 228]. This mechanism may be transferable to this study as well
and therefore constitutes a possible explanation for the observed discrepancy between the
UGT1A mRNA and protein expression.

4.5 MicroRNAs as Potential Risk Factors for the Development of Liver
Fibrosis/Cirrhosis

Continuing excessive alcohol consumption is a major cause of liver cirrhosis [229]. Mainly in
Western European countries where liver disease is predominantly evoked by alcohol abuse
[230]). In 2010, globally, 493,300 deaths were attributable to liver cirrhosis, and 80,600
deaths were attributable to liver cancer, both liver diseases are inter alia caused by excessive
alcohol intake [231]. The involvement of miRNAs in the pathogenesis of liver diseases,
metabolic disorders and cancer, along with their remarkable stability in plasma or serum
makes them reliable prognostic/diagnostic biomarkers for liver diseases or cancer detection
[129, 132]. In this study, miR-214-5p, miR-486-3p, and miR-519d regulated UGT1A
expression to a consistent extent, whereby these miRNAs were chosen for the determination
in liver cirrhosis. The circulating levels of miR-214-5p, miR-486-3p, and miR-519d were
measured in sera of cirrhotic patients and revealed an upregulation of miR-486-3p (Figure
32). Considering miR-486-3p as a negative regulator of UGT1A expression in vitro, the miR-
486-3p upregulation in liver cirrhosis is likely to impair the UGT1A-mediated detoxification

of drugs, environmental carcinogens or other major chemical risk factors capable to generate
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cellular damage and increase OS levels in the liver. As miR-486-3p reduced UGT1A1 and
UGT1AG6 expression in HepG2 cells (discussed in chapter 4.1), the impaired elimination of
xenobiotic, phenol-containing carcinogens, mutagens, or therapeutic drugs may trigger the
onset or development of liver cirrhosis. The consequences of a reduced UGT1A enzyme
activity has been explained before. Tang et al. reported that genetic variants of the UGT1A7
gene can lead to a decreased enzyme activity [199]. Moreover, the impaired carcinogen
glucuronidation and cellular protection may increase the risk for the development and the
functional severity of liver cirrhosis. Given the fact that the cirrhotic patients in this work
included a high percentage (75 %) of alcohol-based etiologies [137], it was aimed at creating
liver fibrosis in the htgUGT1A-WT mouse model by ethanol-CCly treatment. In line with the
human study, miR-486-3p was significantly upregulated in fibrotic mice livers (Figure 33),
while a significant downregulation of UGT1A mRNA levels was observed (Figure 34). The
downregulation of UGT1A mRNA expression in alcoholic liver fibrosis is likely to occur
through the upregulation of miR-486-3p. Since the mouse model of alcoholic liver fibrosis
mimiced the conditions of liver cirrhosis in the human study, the downregulation of the
UGT1A mRNA levels can be translated from the animal to the human situation. Therefore,
the reduction of UGT1A mRNA expression may be considered as an additional risk factor for
the development or progression of alcohol-induced tissue damage potentially enhancing
fibrogenesis. In humans, the excessive alcohol consumption is associated with the “leaky gut”
syndrome, which is characterized as elevated intestinal permeability by epithelial cell
disruption leading to the increased exposure of the liver to gut-derived compounds via the
portal vein [232]. A specific leaky gut-related compound is the bacterial endotoxin
lipopolysaccharide (LPS). The increased hepatic exposure to this major cell wall constituent
of gram-negative bacteria and other microbial products during ALD leads to hepatic
inflammation and oxidative tissue damage [230, 233]. Richardson et al. demonstrated that
LPS-induced inflammation and the live bacterial infection with gram-negative Citrobacter
rodentium reduced UGT1A mRNA expression in the livers of treated mice [234]. This
highlights that LPS is a critical regulator of UGT1A expression during ALD and points to
alcohol as: 1) detrimental hepatotoxin able to induce ALD and other severe liver diseases if
excessively consumed and 2) chemical drug indirectly capable of silencing UGT1A-
glucuronidation in the liver through the exposure of the liver to bacterial LPS. Thus, a steady
inflammatory response is generated in liver cirrhosis through an excess of gut-related

microbial compounds which further affects hepatic defence mechanisms [233]. In addition to
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the increased endotoxin levels, the miR-486-3p-mediated reduction of the UGTI1A-
glucuronidation activity during ALD may, therefore, cause a detrimental accumulation of gut-
related and other toxic compounds (e.g. acetaldehyde) in the liver which is likely promoting
liver disease development in vivo. Taken together, the overexpression of miR-486-3p in liver
fibrosis/cirrhosis suggests that miR-486-3p is likely to represent a significant risk factor for
the development or progression of OS-induced liver diseases, indicating a reduced UGT1A-
mediated detoxification capacity incapable to maintain the antioxidative balance in cells and
subcellular structures in the liver and beyond, further supported by the reduced UGT1A
expression in extrahepatic cells after miR-486-3p transfection (chapter 3.5).

Even though the miR-486-3p levels increased by only 1.34-fold in fibrotic mice livers, the
UGT1A3 and UGT1A4 mRNA expression decreased by three-digit values. Therefore, this
tremendous decline in UGT1A3/1A4 transcription may point to other molecular mechanisms
which may have been triggered by carcinogen (i.e., ethanol-CCls) intoxication. As such, the
CCls-based intoxication potentially involves the covalent bond formation of the activated free
radicals trichloromethyl radical and peroxy trichloromethyl radical with macromolecules,
including proteins, lipids and/or nucleic acids causing oxidative modifications, resulting in
apoptosis and cell death [235]. Therefore, the significant decrease of UGT1A3 and UGT1A4
MRNA expression is likely the result of the increased oxidative damage-caused hepatocyte
cell death, because of the oxidative modifications induced by highly reactive CCls-
intermediates. In addition, it cannot be excluded that the CCls-based intoxication triggered the
dysregulation of other miRNAs capable to reduce UGT1A expression. Hong et al. reported the
upregulation of miR-34 and miR-199 family members in CCls-induced liver fibrosis in mice
[186]. In this study, the results indicate that the huge decline in UGT1A3 and UGT1A4
MRNA expression possibly occurs through the additional upregulation of miR-199a-3p and
miR-34a in fibrotic mice. As discussed before (chapter 4.1), miR-199a-3p and miR-34a
negatively affect the UGT1A-mediated compound glucuronidation in liver cells. In this way,
the miR-199a-3p-mediated impaired UGT1A3-catalyzed glucuronidation of endogenous bile
acids and mutagenic carcinogens (CCls-intermediates) may promote hepatocyte apoptosis and
the onset of liver fibrosis/cirrhosis. Similarly, the miR-34a-mediated downregulation of
UGT1A4 expression can lead to reduced glucuronidation of the building block ‘sapogenins’
used in therapeutic drugs [189]. Eventually, the accumulation of unconjugated therapeutic
drugs in tissues may induce drug-induced toxicities in subjects with liver fibrosis/cirrhosis.

Moreover, the upregulation of miRNAs in liver fibrosis may affect UGT1A expression on the
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level of transcriptional induction. Thereby, in literature, it was reported that miR-34a reduced
the expression of TFs RXRa and HNF40, which led in terms of RXRa to a decreased
induction and transactivity of drug-metabolizing enzymes [93, 121]. The role of RXRa in the
regulation of UGT1A transcription was discussed before (chapter 4.4), which implies an
impaired transcriptional induction of UGT1A expression if RXRa levels are reduced. A
considerable activator of UGT1A expression is HNF4a, which is a liver-enriched TF
responsible for transcriptional activation of several phase | and Il enzyme genes, including
UGT1A genes. Hence, the miR-34a-mediated downregulation of HNF4a negatively affects
UGT1A expression [236], whereby the miR-mediated transcriptional regulation in ALD-mice
must be taken into account.

Since the upregulation of multiple miRNAs is likely in human diseases, the determination of
relevant miRNAs is suggested in future studies, in order to understand potential miRNA-
based regulatory networks and a possible cooperative targeting of 2 or more miRNAs to the
UGT1A 3°-UTR, as this effect was reported to markedly repress the target gene’s activity
[237]. Moreover, future experiments may include long-term studies in mice (or patients) for
the final classification of miR-486-3p as a risk factor likely to contribute to the onset of severe
OS-induced liver diseases. Future experiments are suggested to include the htgUGT1A-WT
mouse model for the analysis of miR-486-3p expression along the development of liver
fibrosis. In contrast to the current approach, the miR-486-3p expression levels can be
determined in a time-dependent manner. Thereby, the potential upregulation of miR-486-3p
across the liver stages (normal liver>alcoholic hepatitis (ALD)>liver fibrosis>liver cirrhosis),
may underscore the role of miR-486-3p in the disturbance of the metabolic antioxidative
balance in the liver, due to the impaired UGT1A-mediated xenobiotic metabolism. This time-
and liver stage-dependent approach may unravel the role of miR-486-3p in vivo and help to
evaluate this miRNA as a potential risk factor (or biomarker) for the determination of liver
fibrosis/cirrhosis. In terms of clinical studies involving cirrhotic patients, the expression levels
of miR-486-3p may be determined in the serum from portal venous blood, to compare the
miRNA expression levels with the liver vein. This approach may answer the question whether
miR-486-3p originates from the liver and exhibits its UGT1A-regulating effects at levels of
increasing liver injury.

Apart from miR-486-3p, miR-214-5p was determined in cirrhotic patients, although no
expression was measured in healthy subjects. The detection of miR-214-5p in cirrhotic

patients may, therefore, support the findings in literature where upregulated miR-214-5p
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expression was linked to the advance of liver fibrosis [209]. In our study, the miR-214-5p
expression in cirrhotic patients may display a relation between the upregulated miR-214-5p
and the disturbance of the UGT1A-mediated antioxidative balance, which is a possible trigger
for the development of liver cirrhosis. In line with previous findings [209], the progression of
liver fibrosis to cirrhosis is likely the result of the miR-214-5p-mediated reduction of
UGT1Al and UGT1A9 expression in the liver, as well as UGT1A4, UGT1A7, and UGT1A9
expression in the colon, further supported by the miRNA-mediated reduction of UGT1A
expression at the entry point of xenobiotics (i.e., the esophagus) (Figure 21, 23). This miR-
214-5p-mediated repression of physiological UGT1A enzymes capable to eliminate
structurally diverse endo- and xenobiotic substances increases the risk for tissue damage
associated with the increment of OS levels, eventually promoting the development or

progression of liver cirrhosis.

4.6 Potential mMiRNA-Based Therapeutic Strategies

Recent in vivo studies found that modified antisense oligonucleotides (antimiRs), able to
inhibit endogenous miRNAs, may become an entirely new class of drugs. The special
properties of MiIRNASs such as their size and the known nucleotide sequences have attracted
the attention of the pharmaceutical industry [238]. AntimiRs are single-stranded
oligonucleotides that antagonize miRNA in reverse orientation and silence them irreversibly,
in competition to the cellular mRNA target [166]. In this study, miRNA-specific inhibitors
(antimiRs) were co-transfected in vitro to investigate the molecular mechanisms of the
selected miRNAs, i.e. miR-214-5p and miR-486-3p (Figure 28). The silencing of the
overexpressed miR-214-5p and miR-486-3p resulted in the statistically significant recovery of
luciferase activity which indicates a specific downregulation of UGTI1A 3’-UTR luciferase
activity by these identified miRNAs, binding to their bioinformatically predicted target sites
(Figure 25). Moreover, this experimental approach supported the selective binding of
antimiRs to the miRNA target which eliminated their function. To date, numerous miRNAs
were shown to be of therapeutic promise, whereby miRNA-targeting antimiR therapeutics are
investigated for the future therapy [239]. Despite the yet-existing drawbacks such as dosing or
the hybridization-dependent toxicities, miRNA-based drugs might represent a promising new

class of drugs with great potential. Furthermore, future miRNA-based therapeutic strategies
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aiming to prevent the downregulation of UGT1A enzymes may constitute an additional option

in the treatment of OS-associated liver diseases.

4.7 Conclusion

In conclusion, miR-214-5p, miR-486-3p, and miR-519d were identified as post-
transcriptional regulators of UGT1A gene expression. The overexpression of miR-214-5p,
miR-486-3p, and miR-519d in cancer cell lines led to a significant downregulation of UGT1A
MRNA and protein levels. Above all, this is the first work showing miR-214-5p and miR-486-
3p-mediated post-transcriptional regulation of UGT1A expression by targeting specific
binding sites in the common UGT1A 3’-UTR. The overexpression of miR-486-3p in cirrhotic
patients and htgUGT1A-WT mice with alcoholic liver fibrosis suggests that miR-486-3p is
likely to represent a so far unidentified risk factor for the development or progression of liver
fibrosis/cirrhosis by means of a reduced UGT1A-mediated detoxification activity capable of
protecting cells and subcellular structures from oxidative damage associated with

inflammatory disease conditions.
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